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ABSTRACT

Glucocorticoids are the most effective anti-inflammatory therapy for many chronic inflammatory and
immune diseases, such as asthma, but are relatively ineffective in other diseases such as chronic
obstructive pulmonary disease (COPD). Glucocorticoids suppress inflammation by several mechanisms.
Glucocorticoids suppress the multiple inflammatory genes that are activated in chronic inflammatory
diseases, such as asthma, by reversing histone acetylation of activated inflammatory genes through
binding of liganded glucocorticoid receptors (GR) to coactivator molecules and recruitment of histone
deacetylase-2 (HDAC2) to the activated transcription complex. At higher concentrations of glucocorti-
coids GR homodimers interact with DNA recognition sites to activate transcription through increased
histone acetylation of anti-inflammatory genes and transcription of several genes linked to glucocorti-
coid side effects. Decreased glucocorticoid responsiveness is found in patients with severe asthma and
asthmatics who smoke, as well as in all patients with COPD and cystic fibrosis. Several molecular mech-
anisms of glucocorticoid resistance have now been identified. HDAC2 is markedly reduced in activity
and expression as a result of oxidative/nitrative stress so that inflammation becomes resistant to the
anti-inflammatory actions of glucocorticoids. Dissociated glucocorticoids have been developed to reduce
side effects but so far it has been difficult to dissociate anti-inflammatory effects from adverse effects. In
patients with glucocorticoid resistance alternative anti-inflammatory treatments are being investigated

as well as drugs that may reverse the molecular mechanism of glucocorticoid resistance.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Glucocorticoids are the most effective anti-inflammatory drugs
available for the treatment many chronic inflammatory and
immune diseases, including asthma, rheumatoid arthritis, inflam-
matory bowel disease and autoimmune diseases. However, a
minority of patients with these diseases show little or no response
even to high doses of glucocorticoids. Several other inflammatory
diseases, including chronic obstructive pulmonary disease (COPD),
interstitial pulmonary fibrosis and cystic fibrosis, appear to be
largely steroid-resistant. There is now a much better understanding
of how glucocorticoids suppress chronic inflammation and this has
given insights into the mechanisms and potential therapy of gluco-
corticoid resistance [1]. Glucocorticoid-resistance or insensitivity is
an important barrier to effective therapy and accounts for consid-
erable and increasing health care spending. This review describes
the molecular mechanisms whereby corticosteroids so effectively
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suppress inflammation and then discusses the molecular basis for
glucocorticoid resistance and the implications for therapy.

2. How glucocorticoids suppress inflammation

There have been major advances in understanding the molec-
ular mechanisms whereby glucocorticoids suppress inflammation
[2,3]. Glucocorticoids activate and suppress many pro- and anti-
inflammatory genes, as well as having post-transcriptional effects.
Understanding the molecular mechanism of glucocorticoid action
also provides new insights into molecular mechanisms of glucocor-
ticoid resistance [1].

2.1. Gene activation

Glucocorticoids diffuse across the cell membrane and bind to
glucocorticoid receptors (GR) in the cytoplasm [3]. Upon ligand
binding, GR are activated and released from chaperone proteins
(heat shock protein 90 and others) and rapidly translocate to the
nucleus where they exert their molecular effects. The mechanism of
nuclear translocation involves the nuclear import protein importin-
o (karyopherin-f3) and importin-13 [4,5]. There is only one form of
GR that binds glucocorticoids termed GRa.. GR[3 is an alternatively
spliced form of GR that interacts with DNA but not with glucocorti-
coids, so may theoretically act as a dominant-negative inhibitor of
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Fig. 1. Glucocorticoid activation of anti-inflammatory gene expression. Glucocorticoids bind to cytoplasmic glucocorticoid receptors (GR) which translocate to the nucleus
where they bind to glucocorticoid response elements (GRE) in the promoter region of steroid-sensitive genes and also directly or indirectly to coactivator molecules such
as CREB-binding protein (CBP), p300/CBP activating factor (pCAF) or steroid receptor coactivator-2 (SRC-2), which have intrinsic histone acetyltransferase (HAT) activity,
causing acetylation of lysines on histone H4, which leads to activation of genes encoding anti-inflammatory proteins, such as secretory leukoprotease inhibitor (SLPI),
mitogen-activated kinase phosphatase-1 (MKP-1), inhibitor of NF-«kB (IkB-a) and glucocorticoid-induced leucine zipper protein (GILZ).

glucocorticoid action by interfering with the binding of GR to DNA
[6]. GR homodimerises and binds to glucocorticoid response ele-
ments (GRE) in the promoter region of glucocorticoid-responsive
genes and this interaction switches on (or occasionally switches off)
gene transcription. Activation of glucocorticoid-responsive genes
occurs via an interaction between the DNA-bound GR and tran-
scriptional coactivator molecules such as CREB-binding protein
(CBP), which have intrinsic histone acetyltransferase activity and
cause acetylation of core histones (particularly histone-4). This tags
histones to recruit chromatin remodelling engines such as SWI/SNF
and subsequent association of RNA polymerase Il resulting in gene
activation (Fig. 1) [7]. Genes that are switched on by glucocor-
ticoids include genes encoding 3;-adrenergic receptors and the
anti-inflammatory proteins secretory leukoprotease inhibitor and
mitogen-activated protein kinase phosphatase-1 (MKP-1), which
inhibits MAP kinase pathways. These effects may contribute to the
anti-inflammatory actions of glucocorticoids [8,9]. GR interaction
with negative GREs, or to GREs that cross the transcriptional start
site, may suppress gene transcription and this may be important in
mediating many of the side effects of glucocorticoids, such as inhi-
bition of osteocalcin that is involved in bone synthesis (Fig. 2) [10].

2.2. Switching off inflammatory genes

The major action of glucocorticoids is to switch off multiple acti-
vated inflammatory genes that encode for cytokines, chemokines,
adhesion molecules inflammatory enzymes and receptors [11].
These genes are switched on in the airways by proinflammatory
transcription factors, such as nuclear factor-kB (NF-kB) and acti-
vator protein-1 (AP-1), both of which are usually activated at sites
of inflammation, resulting in the switching on of multiple inflam-
matory genes. These genes are activated through interactions with
transcriptional coactivator molecules in a similar manner to that
described above for GR-mediated gene transcription [12].

Activated GR interact with corepressor molecules to attenuate
NF-kB-associated coactivator activity, thus reducing histone acety-
lation, chromatin remodelling and RNA polymerase 2 actions [2,7].
Reduction of histone acetylation more importantly occurs through
the specific recruitment of histone deacetylase-2 (HDAC2) to the
activated inflammatory gene complex by activated GR, thereby
resulting in effective suppression of activated inflammatory genes
within the nucleus (Fig. 3). This may account for why glucocor-
ticoids are so effective in the control of inflammation, but also
why they are relatively safe, since other genes are not affected.
GR becomes acetylated upon ligand binding allowing it to bind to
GREs and HDAC2 can target acetylated GR thereby allowing it to
associate with the NF-kB complex [13] (Fig. 4). The site of acety-
lation of GR is the lysine rich region —492-495 with the sequence
KKTK, which is analogous to the acetylation sites identified on other
nuclear hormone receptors. Site-directed mutagenesis of the lysine
residues K494 and K495 prevents GR acetylation and reduces the
activation of the SLPI gene by corticosteroids, whereas repression
of NF-kB is unaffected. HDACG6 has also been implicated in GR func-
tion by modulating hsp90 acetylation status and thereby GR nuclear
translocation [14].

Additional mechanisms are also important in the anti-
inflammatory actions of glucocorticoids. Glucocorticoids have
potent inhibitory effects on mitogen-activated protein kinase
(MAPK) signalling pathways through the induction of MKP-1 and
this may inhibit the expression of multiple inflammatory genes
[8,9] (Fig. 5).

2.3. Post-transcriptional effects

Some proinflammatory genes, such as TNF-«, have unstable
messenger RNA that is rapidly degraded by certain RNAses but
stabilised when cells are stimulated by inflammatory mediators.
Glucocorticoids reverse this effect, resulting in rapid degrada-
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Fig. 2. Glucocorticoids regulate gene expression in several ways. Glucocorticoids enter the cell to bind to glucocorticoid receptors (GR) in the cytoplasm that translocate
to the nucleus. GR homodimers bind to glucocorticoid-response elements (GRE) in the promoter region of steroid-sensitive genes, which may encode anti-inflammatory
proteins. Less commonly, GR homodimers interact with negative GREs to suppress genes, particularly those linked t. Nuclear GR also interact with coactivator molecules,
such as CREB-binding protein (CBP), which is activated by proinflammatory transcription factors, such as nuclear factor-kB (NF-kB), thus switching off the inflammatory
genes that are activated by these transcription factors. Other abbreviations: SLPI: secretory leukoprotease inhibitor; MKP-1: mitogen-activated kinase phosphatase-1; IkB-a:
inhibitor of NF-kB; GILZ: glucocorticoid-induced leucine zipper protein; POMC: proopiomelanocortin; CRH: corticotrophin releasing factor.

tion of mRNA and reduced inflammatory protein secretion [15]
(Fig. 5). This may be mediated through the increased gene
expression of proteins that destabilize mRNAs of inflamma-
tory proteins, such as the zinc finger protein tristetraprolin,
which binds to the 3’ AU-rich untranslated region of mRNAs
[16].

3. Molecular mechanisms of glucocorticoid resistance

Several distinct molecular mechanisms contributing to
decreased anti-inflammatory effects of glucocorticoids have
now been identified, so that there is heterogeneity of mechanisms
even within a single disease (Table 1 and Fig. 6) [1]. However,
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Fig. 3. Glucocorticoid suppression of activated inflammatory genes. Inflammatory genes are activated by inflammatory stimuli, such as interleukin-13 (IL-18) or tumour
necrosis factor-a (TNF-av), resulting in activation of IKK( (inhibitor of I-kB kinase-{3), which activates the transcription factor nuclear factor kB (NF-kB). A dimer of p50 and
p65 NF-kB proteins translocates to the nucleus and binds to specific kB recognition sites and also to coactivators, such as CREB-binding protein (CBP) or p300/CBP-activating
factor (pCAF), which have intrinsic histone acetyltransferase (HAT) activity. This results in acetylation of core histone H4, resulting in increased expression of genes encoding
multiple inflammatory proteins. Glucocorticoid receptors (GR) after activation by corticosteroids translocate to the nucleus and bind to coactivators to inhibit HAT activity
directly and recruiting histone deacetylase-2 (HDAC2), which reverses histone acetylation leading in suppression of these activated inflammatory genes.



PJ. Barnes / Journal of Steroid Biochemistry & Molecular Biology 120 (2010) 76-85 79

HAT
e.g. CBP

trans-actrvatﬁoy‘

®

I“Anti-inﬂammatory”
genes e.g. SLPI

HDAC2

“Side effect”
e.g. osteocalcin

[ ] Glucocorticoid

. Glucocorticoid receptor

trans-repression

&

| Inflammatory genes
GM-CSF, IL-8

enes

Fig. 4. Acetylation of glucocorticoid receptors (GR). Binding of a corticosteroid to GR results in its acetylation by histone acetyltransferases (HAT), such as CREB-binding
protein (CBP), and a dimmer of acetylated GR then binds to glucocorticoid response elements (GRE) to activate or suppress genes (such as side effect genes). Deacetylation
of GR by histone deacetylase-2 (HDAC2) is necessary for GR to interact with CBP and inhibit nuclear factor-kB (NF-«kB) to switch off inflammatory genes.

similar molecular mechanisms have also been identified in differ-
ent inflammatory diseases indicating that there may be common
therapeutic approaches to glucocorticoid-resistant diseases in the
future.

3.1. Genetic susceptibility

The early descriptions of glucocorticoid-resistant asthma sug-
gested that it was more commonly found within families [17],
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indicating that there may genetic factors may determine gluco-
corticoid responsiveness. Microarray studies of peripheral blood
mononuclear cells (PBMC) from glucocorticoid-sensitive and
glucocorticoid-resistant asthma patients has identified 11 genes
that discriminate between these patients [18], suggesting that it
might be possible to develop a genomic test for glucocorticoid resis-
tance. However, in normal subjects differential gene expression
between the 10% with the greatest and least glucocorticoid respon-
siveness of circulating genes has identified 24 genes of which the
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Fig. 5. Inhibition of p38 mitogen-activated protein (MAP) kinase by glucocorticoids. p38 MAP kinase is activated by inflammatory stresses though activation of MAP kinase
kinase(MKK)-3 and -6. p38 phosphorylates (P) MAP kinase-activated protein kinase(MAPKAPK)-2, which plays a role in stabilising messenger RNA (mRNA) encoding several
inflammatory proteins, such as tumour necrosis factor-a (TNF-a), interleukin (IL)-1(, IL-6, IL-8, granulocyte-macrophage colony stimulating factor (GM-CSF) and cyclo-
oxygenase(COX)-2. This mRNA is characterised by AU-rich elements (ARE) in the 3’-untranslated region, which make the mRNA unstable and rapidly degraded. ARE-binding
proteins (AREBP) stabilise these proteins and may be activated (probably indirectly) by MAPKAPK-2. Corticosteroids induce the expression of MAP kinase phosphatase
(MKP)-1, which inhibits p38 and thus prevents the stabilisation of multiple inflammatory proteins.
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Table 1
Molecular mechanisms of glucocorticoid resistance.

» Familial glucocorticoid resistance

o Glucocorticoid receptor modification

Phosphorylation: decreased nuclear translocation
p38 MAP kinase due to IL-2 +IL-4 or IL-13 in severe asthma
p38 MAP kinase due to MIF in several inflammatory diseases
JNK due to proinflammatory cytokines
ERK due to microbial superantigens

Nitrosylation: 4+ NO from inducible NO synthase

Ubiquitination: 1 degradation by proteasome

o Increased GR3 expression

e Increased proinflammatory transcription factors
Activator protein-1, JNK
STATS5, JAK3

o Defective histone acetylation
Decreased acetylation of lysine-5 on histone 4
Decreased histone deacetylase-2
4 Oxidative stress
4 Phosphoinositide-3-kinase-8 activation

o Increased P-glycoprotein
Increased efflux of steroids

Abbreviations:  IL=interleukin, MAP=mitogen-activated protein,
MIF=macrophage migration inhibitory factor, JNK=c-Jun N-terminal
kinase, ERK=extracellular signal-regulated kinase, NO=nitric oxide,
STAT =signal transduction activated transcription factor.

most discriminant is bone morphogenetic protein receptor type II,
which enhances glucocorticoid responsiveness when transfected
into cells [19].

The very rare inherited syndrome familial glucocorticoid resis-
tance (FGR) is characterised by high circulating levels of cortisol
without signs or symptoms of Cushing’s syndrome [20]. Clinical
manifestations, which may be absent, are due to an excess of
non-corticosteroid adrenal steroids, stimulated by high adreno-
corticotrophin levels, resulting in hypertension with hypokalaemia
and/or signs of androgen excess (usually hirsutism and menstrual
abnormalities in females). Inheritance appears to be dominant

nucleus

ROlcH.cr
2\ NN

with variable expression, but only about a dozen cases have so
far been reported. Sporadic cases have also been described. Sev-
eral abnormalities in GR function have been described in peripheral
blood leukocytes or fibroblasts from patients with FGR, including
decreased binding for cortisol, reduced numbers, thermolability
and an abnormality binding to DNA, all of which are due to muta-
tions of GR. These patients are clearly different from patients with
glucocorticoid-resistant inflammatory diseases and in patients
with glucocorticoid-resistant asthma mutational analysis demon-
strated no obvious abnormality in GR structure [21]. Various single
nuclear polymorphisms of GR have been linked to altered cellular
responses to glucocorticoids and a polymorphism of GR[3 (GR-9f3)
is associated with a reduced trans-repressional response to glu-
cocorticoids [22]. These polymorphisms have yet to be associated
with glucocorticoid resistance in inflammatory diseases, however.

3.2. Defective GR binding and translocation

There is increased expression of IL-2 and IL-4 in the airways
of patients with glucocorticoid-resistant asthma [23] and in vitro
these cytokines in combination reduce GR nuclear translocation
and binding affinity within the nucleus of T-cells [24-26]. IL-13
alone mimics this effect in monocytes [25,27]. The mechanism
whereby these cytokines reduce GR function may be mediated via
phosphorylation of GR by p38MAPK and their effect is blocked by
a p38MAPK-a inhibitor [25]. In support of this p38MAPK shows
a greater degree of activation in alveolar macrophages from asth-
matics with a poor response to glucocorticoids than patients who
show a normal response [28]. GR may be phosphorylated by sev-
eral kinases that may alter its binding, stability, translocation to the
nucleus, binding to DNA and interaction with other proteins, such
as transcription factors and molecular chaperones [29]. The serine
residue phosphorylated by p38MAPK is not yet certain and may be
Ser226 or Ser 211, or this may be an indirect effect [25,30,31]. IL-
2 may also cause reduced nuclear translocation in murine T-cells
through a mechanism involving interaction to the transcription
factor STAT5 under the control of JAK3 [32]. In patients with
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Fig. 6. Possible molecular mechanisms of glucocorticoid resistance. Glucocorticoid receptors (GR) may be modified in several ways to reduce their nuclear translocation and
transactivational efficacy. Phosphorylation may occur as a result of activation of p38 mitogen-activated protein kinase (MAPK), which may be activated by the cytokines
interleukin (IL)-2 plus IL-4 or IL-13, or by macrophage migration inhibitory factor (MIF), of c-Jun N-terminal kinase (JNK) activated by proinflammatory cytokines or of
extracellular signal-regulated kinase (ERK) activated by microbial superantigens. GR may also be nitrosylated by nitration of tyrosine residues as a result of increased nitric
oxide (NO) from inducible NO synthase (iNOS) or ubiquitinated (Ub), resulting in degradation of GR by the proteasome. GR may prevented from binding to glucocorticoid
response elements (GRE) or inhibiting nuclear factor-«kB (NF-kB) by sequestration by the transcription factor activator protein-1 (AP-1), which is activated by JNK, or by the

binding of increased GRP3 to GRE binding sites.
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Fig. 7. Mechanism of glucocorticoid resistance in COPD, severe asthma and smoking asthma. Stimulation of normal and asthmatic alveolar macrophages activates nuclear
factor-kB (NF-kB) and other transcription factors to switch on histone acetyltransferase leading to histone acetylation and subsequently to transcription of genes encoding
inflammatory proteins, such as tumour necrosis factor-o. (TNF-a), CXCL8 (IL-8) and granulocyte-macrophage colony stimulating factor (GM-CSF). Glucocorticoids reverse
this by binding to glucocorticoid receptors (GR) and recruiting histone deacetylase-2 (HDAC2). This reverses the histone acetylation induced by NF-kB and switches off the
activated inflammatory genes. In COPD and smoking asthmatic patients cigarette smoke and activated neutrophils generate oxidative stress which impairs the activity of
HDAC2. This amplifies the inflammatory response to NF-kB activation, but also reduces the anti-inflammatory effect of glucocorticoids, as HDAC2 is now unable to reverse
histone acetylation. A similar mechanism may operate in severe asthma where increased oxidative stress is generated by airway inflammation.

glucocorticoid-resistant asthma a large proportion show reduced
nuclear translocation of GR and reduced GRE binding in PBMC fol-
lowing glucocorticoid exposure and this may be explained by GR
phosphorylation [26,31]. Another MAPK c-Jun N-terminal kinase
(JNK), which is activated by TNF-a and other proinflammatory
cytokines, also directly phosphorylates GR at Ser-226 and inhibits
GRE binding [33]. Microbial superantigens induce glucocorticoid
resistance in T cells in vitro via activation of extracellular recep-
tor kinase (ERK) pathways, resulting in GR phosphorylation [34].
MKP-1 is an endogenous inhibitor of MAPK which is activated by
glucocorticoids, as discussed above. Macrophages from MKP-1 gene
knock-down mice show reduced anti-inflammatory responses to
glucocorticoids in vitro [35]. In asthmatic patients with poor glu-
cocorticoid responses there is a significant reduction in MKP-1
expression in alveolar macrophages after glucocorticoid exposure
and this is correlated with increased p38 MAPK activity [28].

In vitro GR may be nitrosylated by nitric oxide (NO) donors
resulting in reduced binding affinity for glucocorticoids [36].
In inflammatory diseases there is often increased expression of
inducible NO synthase (iNOS) which produces large amounts of
NO that could reduce glucocorticoid responsiveness. Whether this
mechanism is relevant in glucocorticoid-resistant patients has not
yet been evaluated by the use if iNOS inhibitors, for example. GR
may also be ubiquitinated and tagged for proteasomal degradation
implying that proteasome inhibitors may increase glucocorticoid
responsiveness, although this has not yet been demonstrated in
glucocorticoid-resistant disease [37].

3.3. Increased GRf

Increased expression of GRB has been reported in
glucocorticoid-resistant patients of several diseases, including
asthma, rheumatoid arthritis and inflammatory bowel disease
[38-41], but this has not been confirmed in several other studies

[42,43]. GRp is induced by proinflammatory cytokines and has the
capacity to compete for the binding of GRa to GRE, thus acting as a
dominant-negative inhibitor [44]. GR[3 expression is also increased
by microbial superantigens, such as staphylococcal enterotoxins,
which may account for glucocorticoid resistance in atopic der-
matitis [45]. However, in most cell types, apart from neutrophils,
the expression of GRP is much lower than GRe, making this
mechanism unlikely [42]. Another mechanism may be through
interference with GRa nuclear translocation, since knockdown
of GRB in alveolar macrophages from glucocorticoid-resistant
asthma patients results in increased GRa nuclear localisation and
increased glucocorticoid responsiveness [46]. While glucocorti-
coids do not bind to GR it is transcriptionally active and the
GR antagonist mifepristone (RU-486) binds to GR[3, making it
translocate to the nucleus, but the endogenous ligand of GRf is
currently unidentified [47].

3.4. Transcription factor activation

Excessive activation of AP-1 has been identified as a mecha-
nism of glucocorticoid resistance in asthma as AP-1 binds GR and
thus prevents its interaction with GRE and other transcription fac-
tors [48,49]. AP-1 is a heterodimer of Fos and Jun proteins and
may be activated by proinflammatory cytokines such as TNF-a, act-
ing through the JNK pathway. JNK is activated to a greater extent
and there is increased expression of c-Fos in PBMC and bronchial
biopsies of glucocorticoid-resistant compared to sensitive asthma,
with no reduction of JNK activity or c-Jun after high doses of oral
glucocorticoids [50]. This may explain why the increased inflam-
mation found in severe inflammatory disease results in secondary
glucocorticoid-resistance and is a mechanism for perpetuating
resistance whatever the initial mechanism. Increased c-Jun results
in depolymerisation of the cytoskeleton, which may also reduce
GR trans-activating activity [51]. Cofilin-1 is an actin-binding pro-
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tein that depolymerases the cytoskeleton and in gene array studies
has been identified as showing increased expression in T-cells from
glucocorticoid-resistant compared to sensitive asthma [52]. Over-
expression of cofilin-1 results in glucocorticoid resistance in T-cells.

3.5. Abnormal histone acetylation

Histone acetylation plays a critical role in the regulation of
inflammatory genes and the mechanism of action of glucocorti-
coids. Glucocorticoids switch on glucocorticoid-responsive genes,
such as MKP-1, via acetylation of specific lysine residues (K5 and
K16) on histone-4 [7]. In a small proportion of patients with
glucocorticoid-resistant asthma, GR translocates normally to the
nucleus after glucocorticoid exposure but fails to acetylate K5 so
that transactivation of genes does not occur [26]. These patients
show a poor response to high dose inhaled glucocorticoids, but
unlike most patients with glucocorticoid resistance seem to have
fewer side effects as many of these are mediated via GREs [10].

Recruitment of HDAC2 to activated inflammatory genes is a
major mechanism of inflammatory gene repression by glucocorti-
coids [53] and reduced HDAC2 activity and expression is reduced in
some diseases where patients respond poorly (Fig. 7). For example,
HDAC2 is markedly reduced in alveolar macrophages, airways and
peripheral lung in patients with COPD [54], and similar changes are
found in PBMC and alveolar macrophages of patients with refrac-
tory asthma [55] and in the airways of smoking asthmatics [56]. The
glucocorticoid resistance of COPD bronchoalveolar macrophages is
reversed by overexpressing HDAC2 (using a plasmid vector) to the
level seen in control subjects [13]. Whether HDAC2 is also reduced
in glucocorticoid-resistant patients with other inflammatory dis-
eases, such as rheumatoid arthritis has not yet been determined.
The mechanisms for HDAC2 reduction in COPD are now being
elucidated [57]. Oxidative and nitrative stress result in the forma-
tion of peroxynitrite, which nitrates tyrosine residues on HDAC2
resulting in its inactivation, ubiquitination and degradation [58].
Oxidative stress also activates phosphoinositide-3-kinase (PI3K)-
8, which leads to phosphorylation and inactivation of HDAC2 [59].
This suggests that oxidative stress may be an important mecha-
nism of glucocorticoid resistance and is increased in most severe
and glucocorticoid-resistant inflammatory diseases.

3.6. Decreased regulatory T cells

IL-10is an important anti-inflammatory and immunoregulatory
cytokine and secreted by regulatory T cells (Treg) in response to glu-
cocorticoids [60]. In patients with glucocorticoid-resistant asthma
there is a failure of T-helper cells to secrete IL-10 but this is restored
to normal by vitamin D3 (calcitriol) in vitro [61]. Furthermore,
administration of vitamin D3 to three glucocorticoid-resistant asth-
matics also restored the T-cell IL-10 response to glucocorticoids,
suggesting that this might be a useful therapeutic approach in the
future.

3.7. Increased P-glycoprotein

The multidrug resistance gene MDR1 (ABCB1) encodes the drug
efflux pump P-glycoprotein 170, a member of the ATP-binding
cassette (ABC) transporters, which transports drugs, including glu-
cocorticoids, out of cells. It has therefore been implicated as a
mechanism for glucocorticoid resistance in inflammatory diseases.
High levels of expression of MDR1 have been reported in cir-
culating lymphocytes from patients with glucocorticoid-resistant
inflammatory bowel disease [62,63] and rheumatoid arthritis [64].
Furthermore, certain single nucleotide polymorphisms of MDR1
have been linked to glucocorticoid resistance in these diseases
[65,66]. However, these observations have not been confirmed

in other studies and this mechanism has not been explored in
glucocorticoid-resistant pulmonary disease.

3.8. Macrophage migration inhibitory factor

MIF is a proinflammatory cytokine that has potent anti-
glucocorticoid effects and has been associated with several
inflammatory diseases [67]. MIF is induced by glucocorticoids and
inhibits their anti-inflammatory effects mainly through inhibit-
ing the induction of MKP-1 [68]. Increased MIF expression has
been reported in colonic mononuclear cells from patients with
glucocorticoid-resistant ulcerative colitis and a MIF antibody
restores the anti-inflammatory response to glucocorticoids in these
cells [69]. Similar findings are reported in glucocorticoid-resistant
rheumatoid arthritis and systemic lupus erythematosis. Polymor-
phisms of the MIF gene have also been reported in association
with glucocorticoid resistance [70,71], although this is disputed
[72]. MIF has also been implicated in the glucocorticoid resistance
in asthma [73], suggesting the potential for anti-MIF therapies in
glucocorticoid-resistant diseases.

4. Therapeutic implications

Although glucocorticoids are highly effective in treating many
inflammatory and immune diseases the major problem is side
effects. Although this may be overcome by topical application, such
as inhaled or dermal administration this is not suitable for all dis-
eases. There has been a concerted effort to develop glucocorticoids
that have reduced side effects, while retaining anti-inflammatory
efficacy.

4.1. Dissociated steroids

Selective glucocorticoid receptor agonists (SEGRAs or dis-
sociated steroids) are more effective in trans-repression than
trans-activation so have less side effects [74]. Several dissociated
steroids have now been developed, including non-glucocorticoid
agonists, but there is uncertainly about the efficacy of these drugs
as anti-inflammatory therapies. In a mouse knock-in strain with
dimerization-deficient GR some inflammatory processes can be
suppressed by glucocorticoids, whereas others cannot [75]. This
may reflect the anti-inflammatory effects of glucocorticoid medi-
ated through transactivation of genes such as MKP-1. Furthermore,
side effects of glucocorticoids may also occur in these mice.

Resistance to the anti-inflammatory effects of glucocorticoids is
a major barrier to effective control of many common diseases and
enormously increases their morbidity and medical costs. There are
several therapeutic strategies to manage glucocorticoid-resistant
diseases, but the most important general approaches are to use
alternative anti-inflammatory (“steroid-sparing”) treatments or to
reverse the molecular mechanisms of glucocorticoid resistance if
these are identified.

4.2. Alternative anti-inflammatory treatments

There are several alternative anti-inflammatory drugs currently
available to treat certain glucocorticoid-resistant diseases, but
these may have a toxicity of their own. Calcineurin inhibitors,
such as cyclosporin A and tacrolimus, may be effective in some
patients with glucocorticoid-resistant rheumatoid arthritis, but
have not been found to be very effective in glucocorticoid-resistant
asthma|[76,77]. This has led to a search for novel anti-inflammatory
treatments, particularly for diseases with marked glucocorticoid
resistance, such as COPD, where no effective anti-inflammatory
treatments are currently available.
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Phosphodiesterase-4 inhibitors are broad spectrum anti-
inflammatory treatments that are now in clinical development for
several inflammatory diseases, such as COPD and inflammatory
bowel disease [78]. However, systemic doses have been limited by
side effects as side effects, such as nausea, diarrhoea and headaches.

Several p38 MAPK inhibitors have been in clinical development
and theoretically could be particularly effective in asthma with glu-
cocorticoid resistance due to IL-2 and IL-4, as this is reversed in
vitro by selective p38 MAPK inhibitors [25]. These drugs may also
be useful in other glucocorticoid-insensitive inflammatory diseases
such as COPD where p38 MAPK is activated and they have been
shown to have efficacy in glucocorticoid-resistant animal models
of these diseases [79]. However these drugs have had problems
with toxicity and side effects.

Blocking NF-kB by selective inhibitors of inhibitor of NF-«kB
kinase (IKKQ, IKK2) is another way of treating glucocorticoid-
resistant inflammation, but it is likely that these drugs will also
have toxicity and side effects so may only be suitable for topical
application.

4.3. Reversing glucocorticoid resistance

Another therapeutic option for treating glucocorticoid resis-
tance is to reverse the cause of resistance if it can be identified.
This is possible with smoking cessation in smoking asthmatics
[80] and might be possible for some patients with glucocorticoid-
resistant asthma with p38 MAPK, JNK inhibitors and vitamin D3
in the future [25,49,61]. In patients with glucocorticoid-resistant
ulcerative colitis a monoclonal antibody to IL-2 receptors (anti-
CD25, basiliximab) was clinically effective in an uncontrolled study
[81]. There are several therapeutic strategies for inhibiting P-
glycoprotein to prevent the efflux of glucocorticoids, some of which
are based on the observations that verapamil and quinidine are
efflux blockers; several novel drugs are now in development [82].
Increased MIF has been implicated in glucocorticoid-resistance
in several diseases, so strategies to inhibit MIF, including small
molecule inhibitors and monoclonal antibodies, are currently being
explored [83].

Selective activation of HDAC2 can be achieved with theo-
phylline, which restores HDAC2 activity in COPD macrophages
back to normal and reverses glucocorticoid resistance [84]. In mice
exposed to cigarette smoke which develop glucocorticoid-resistant
inflammation oral theophylline is also effective in reversing gluco-
corticoid resistance [59,85]. The molecular mechanism of action of
theophylline in restoring HDAC2 appears to be via selective inhi-
bition of PI3K8, which is activated by oxidative stress in COPD
patients [59,86]. This suggests that selective PI3Kd inhibitors may
also be effective and these drugs are currently in clinical devel-
opment for other diseases. Since oxidative stress appears to be an
important mechanism in reducing HDAC2 and leads to glucocorti-
coid resistance, antioxidants should also be effective. Unfortunately
currently available antioxidants are not very effective and sev-
eral more potent antioxidants are in clinical development. In the
future novel drugs which increase HDAC2 may be developed when
the molecular signalling pathways that regulate HDAC2 are better
understood [87].
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