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Abstract
Corticosteroids are one of the most effective medications available for a wide variety of
inflammatory diseases, including rheumatoid arthritis, inflammatory bowel disease, autoimmune
diseases, and chronic lung diseases such as asthma; however, 5–10% of asthma patients respond
poorly to corticosteroids and require high doses, secondary immunosuppressants, such as
calcineurin inhibitors and methotrexate, or disease-modifying biologics that can be toxic and/or
expensive. Though steroid-resistant asthma affects a small percentage of patients, it consumes
significant health resources and contributes to substantial morbidity and mortality. In addition,
the side effects caused by excessive use of steroids dramatically impact patients’ quality of life.
Recognition of patients who respond poorly to steroid therapy is important due to the persistent and
considerable problems they face in managing their conditions, which bears a significant socioeconomic
burden. Along with the recognition of such patients, elucidation of the molecular mechanisms of
steroid resistance is equally important, so that administration of a high dosage of steroids, and the
consequent adverse effects, can be avoided. This review provides an update on the mechanisms
of steroid function and the possible new therapeutic modalities to treat steroid-resistant asthma.

INTRODUCTION
Glucocorticoids
(GC),
also
called
glucocorticosteroids or steroids, are the mainstay
therapy for numerous inflammatory diseases,
such as asthma, dermatitis, rheumatoid arthritis;
prevention of graft rejection; and autoimmune
diseases. GC are steroid hormones that are
synthesised and released by the adrenal cortex.
GC have profound effects on various cell
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processes
and
organ-specific
biological
functions.1 The regulation of downstream
genes by GC involves either gene repression
or activation. While gene activation leads to
beneficiary actions of GC, repression of gene
signalling is hypothesised to cause adverse
effects due to prolonged use of steroids.2
Although the majority of patients with
inflammatory diseases and immune disorders
respond to oral GC, 10–20% of patients do
not respond even to very high doses of GC.

September 2018 • EUROPEAN MEDICAL JOURNAL

49

Resistance to steroids has also been reported
in rheumatoid arthritis and inflammatory bowel
disease and has been extensively studied in
asthma. Despite the fact that only 5–10% of
asthmatic patients do not respond to steroids,
this leads to a significant socioeconomic
burden and affects their quality of life as a result
of the side effects associated with the prolonged
usage of high doses of steroids.3 Therefore,
it is important to identify the patients with
poor responses to steroids and to elucidate the
molecular mechanism of steroid resistance.
This review focusses on the features, possible
resistance mechanisms known so far, and
recent developments in the treatment regimen
of steroid-resistant asthma. To understand
steroid-resistant asthma, the authors also bring
the normal function of the steroids in a cell to
the attention of the readers.

THE DIVERSE PHENOTYPES
OF ASTHMA
Asthma
is
characterised
by
reversible
expiratory airflow obstruction or airway
hyper-responsiveness and airway inflammation.
Approximately 235 million people have asthma
worldwide.4 In contrast to the previous Th2
dominant hypothesis, the phenotypes of asthma
have been classified into high Th2 (eosinophilic
inflammation) and low Th2 types (neutrophilic
inflammation with Th1 and Th17 involvement).5,6
Asthmatics with high Th2 phenotypes are
responsive to corticosteroids, whereas non-Th2
asthmatics are much less so. The current treatment
includes increasing the dosage of corticosteroids
or using secondary immunosuppressants that
are more toxic. Biologics, such as monoclonal
antibodies against proinflammatory cytokines
like IL-4, IL-5, IL-13, and IgE, have also been tried.

CLINICAL PRESENTATION OF
GLUCOCORTICOID-RESISTANT ASTHMA
The response to steroids can be visualised as a
spectrum, with steroid resistance placed at one
end. Complete resistance to steroids is a rare case;
usually poor response to steroids is observed,
so that a high dose of steroids is required to
control asthma, a condition termed steroiddependent asthma. In 1968, Schwartz et al.7
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described GC resistance for the first time in six
patients with low eosinopenic response, who did
not respond clinically to high doses of systemic
GC, although they showed reversibility to
inhaled β-agonists. Later, a number of studies
reported such insensitivity to steroids in
asthmatic patients.3 The detailed analysis of these
patients revealed that the unresponsiveness
was
due
to
the
inefficiency
in
the
anti-inflammatory effects of steroids rather
than their metabolic or endocrine functions.
The thickness of the airway epithelium
and basement membrane in steroid-resistant
patients was larger than the patients with steroid
sensitivity, in spite of having similar epithelial
damage.8 GC-resistant asthma is defined by a
failure to improve forced expiratory volume in
1 second (FEV1) by >15% even after an adequate
dose of prednisolone (40 mg) for 2 weeks.
These patients present bronchodilation with
inhaled β2 agonists and typical diurnal variation
of peak expiratory flow.9 The diagnosis of
steroid-resistant asthma is entirely based on the
clinical history, symptoms, and lung function
in the context of GC use. For a clear diagnosis,
one has to rule out other diseases, such as
cystic fibrosis and bronchiectasis.10 Currently,
there is no available clinical marker or
established immune adherence test for the
diagnosis of steroid-resistant asthma.
To understand the mechanisms behind steroid
resistance in asthma, one should first
understand the functioning and the mechanism
of steroid receptor action. This will enable the
identification of more cues for the failure of its
function, leading to steroid resistance.

THE GLUCOCORTICOID RECEPTOR
AND ITS FUNCTION
The GC receptors (GR) belong to the nuclear
receptor Type I family. The human GR (hGR)
gene is located on the chromosome 5q11-q13.11
The hGR gene consists of nine exons, wherein
the protein coding region is present between
exon 2 and exon 9 (Figure 1). hGR is known to
have three alternative promoters: 1A, 1B, and 1C.
Although hGR does not have prominent TATA
or CCAAT boxes, it contains multiple GC boxes.12
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Figure 1: hGR gene structure and its isoforms.
The hGR gene has nine exons and three variable promoters giving rise to several glucocorticoid receptor isoforms
that differ in the 5’-untranslated region. Alternative splicing of exon 9 at the 5’ end gives rise to α and β isoforms.
Domains of hGR show the LBD to be present at the C-terminal, which differentiates between hGRα and hGRβ in
their functionality.
DBD: DNA binding domain; GC: glucocorticoid; hGR: human glucocorticoid receptor; Hsp90: heat shock protein 90;
LBD: ligand binding domain.

Alternative splicing of GR pre-mRNA gives
rise to two dominant isoforms: GRα and GRβ.
GRα is located in the cytoplasm whereas GRβ
remains in the nucleus and acts as a dominant
negative or decoy receptor for GC13 (Figure 1).
hGRβ was identified as having a potential
contribution to GC resistance in several diseases.
It has been shown that while proinflammatory
cytokines such as TNF-α and IL-1 increase the
expression of GRβ, the formation of the GRβ/α
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heterodimer attenuates the function of GRα14
(Figure 1). The GR protein has a modular structure
similar to other members of its nuclear receptor
family. It has three major domains: a) variable
N-terminal
domain
(421
amino
acids),
b) central DNA binding domain (65 amino acids),
and c) C-terminal domain (250 amino acids).
Furthermore, the motif containing the nuclear
localisation signals is present in both the DNA
binding domain and ligand binding domain.15
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Figure 2: A) Basic mechanisms of steroid action and B) cellular effects of corticosteroids: pleiotropy in
various cells.
A) The descriptive figure illustrates how glucocorticoids induce their effects in the cells. B) The cellular effects that
are brought about in different types of cells due to the various gene regulations carried by corticosteroids.
AP-1: activator protein-1; GRE: glucocorticoid receptor element; GTM: general transcription material; Hsp90: heat
shock protein 90.

Mechanism of Glucocorticoid
Receptor Action
Endogenous
GC
participate
in
various
physiological processes in a variety of cells,
including hepatocytes, epithelial cells, neurons,
immune cells, and cardiomyocytes (Figure 2).
GC regulate multiple pathways, including
carbohydrate metabolism, programmed cell
death, amino acid metabolism, and inflammation.1
They have three basic modes of action:
first, the binding of heterodimerised receptors
to the GR element (GRE) in the target genes
to activate the transcription; second, inhibition
of target gene expression by binding of GR
heterodimer onto the negative GRE (nGRE);
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third, transactivation or transrepression by
physical interaction with other transcription
factors.16 The GR bind with ligands and
translocate into the nucleus. The GRα usually
resides in the cytoplasm as part of a large
multiprotein complex composed of chaperones
such as Hsp90, Hsp70, p23, and immunophilin
p59. These proteins bind to the unliganded
GR and maintain its conformation in the
cytoplasm without compromising the ligand
binding efficiency.17 When the ligand binds to
the receptor, the protein complex dissociates,
causing a conformational change in the receptors
and exposing the nuclear localisation signals.
This leads to the translocation of the GR into
the nucleus through nuclear pores.16
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Once GR enters the nucleus, the activated
hormone-bound receptor dimerises and binds to
the GRE via a zinc finger motif containing a DNA
binding domain. Binding of GR to GRE leads to
conformational changes in the receptor, which
allow it to interact with several coactivators,
such as cyclic adenosine monophosphate
response element binding protein, p300,
steroid receptor coactivator-1, p/CIF, SWI/SNF,
and NcoA-1, which are critical in modulating
the chromatin structure.2 These coactivators
activate gene transcription by unwinding the
chromatin structure. Corticosteroids suppress
inflammatory responses by activating the
expression of anti-inflammatory proteins such
as annexin-1, secretory leukoprotease inhibitor,
IL-10, and IκBα. To generate this response,
a large steroid concentration is required,
but in a clinical scenario, a very small dose
of corticosteroids is enough to generate the
anti-inflammatory response.18 Therefore, it is
a controversial suggestion that the activation
of genes would lead to the fruitful functioning
of steroids. Hence, it is thought that an
increase in transcription might generate
systemic side effects, such as osteoporosis,
growth retardation in children, skin fragility due
to increased apoptosis, and metabolic effects
observed due to overuse of steroids. To support
this hypothesis, it was shown that mutant
GR, which was unable to bind to GRE, did not
show any loss of anti-inflammatory properties
of steroids and was capable of suppressing
NFκB-activated genes. This could also mean
that GR has a different pathway of inhibiting
NFκB-mediated inflammation19 (Figure 2).
At the promoter level, GR can also inhibit the
expression of its target gene through nGRE.20
The inhibition in the transcription of genes
takes place typically through two mechanisms;
first, GR competes for its binding site on
nGRE and hinders the binding of the other
transcription factors, inhibiting the transcription
of the downstream genes such as osteocalcin.21
The second mechanism is via composite GRE,
wherein the GR dimer bound with nGRE
interacts with adjacent transcription factors and
results in either gene repression or activation,
which is dependent on the subunit of the
composition. nGRE have been identified in the
promoters of genes encoding for glutathione
S-transferase, insulin, and vasoactive intestinal
polypeptide receptor 1.
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The GR can also regulate the expression of
genes independent of direct binding to GRE.
The GR exerts its anti-inflammatory role mainly
through interacting with other transcription
factors, such as NFκB and AP-1, binding to
each other via the leucine zipper interaction.23
NFκB is the master regulator of many
proinflammatory cytokines and immune genes,
and it seems intuitive that GR might reduce
inflammation by inhibiting NFκB.24 Another
indirect way that GR inhibits protein synthesis
is by reducing the stability of RNA encoding
granulocyte-macrophage
colony-stimulating
factor (GM-CSF) and cyclo-oxygenases. The GR
receptor also represses proteins of the
MAPK family by inhibiting the phosphorylation
essential for their activation.
The capability of GC to produce antiinflammatory actions also stems from their
ability to induce apoptosis in inflammatory cells,
such as thymocytes, eosinophils, and monocytes,
and provide protection against apoptotic stimuli
in cells with non-lymphoid origin.25 GC have also
been recently reported to inhibit mucus secretion
in airways by repressing the expression of
mucin genes such as MUC2 and MUC5AC.26 In
addition, GC are efficient at reducing neurogenic
inflammation by inhibiting the synthesis of
tachykinins and tachykinin receptors, which
amplify the inflammatory responses.27

MOLECULAR MECHANISMS
OF STEROID RESISTANCE
With more than a decade of studies attempting
to identify the molecular mechanisms of steroid
resistance, a lot of pathways and mechanisms
have been explored; however, there are
four overarching steps that are essential in
GC dysfunction: a) reduced GR expression,
b) defective binding of steroids to the receptor,
c) reduced ability of the receptor to bind to the
DNA, either due to competition or reduced
nuclear translocation, and d) increased expression
and
antagonism
from
proinflammatory
transcription
factors
(AP-1
and
NFκB).3
In addition, a number of other mechanisms, like
increased GRβ expression, defective histone
acetylation, and involvement of immune cells
have also been demonstrated. Here, a few key
mechanisms of steroid resistance are described.
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Defective Glucocorticoid Receptor
Binding and Nuclear Translocation
Reports indicate that cytokines such as IL-2,
IL-4, and IL-13 are overexpressed in the airways
of steroid-resistant asthma patients.3 In T cells
and inflammatory cells, these cytokines are
presumed to reduce GR affinity and elicit
a local resistance to the anti-inflammatory
action of GC.28 These cytokines reduce steroid
functioning by preventing phosphorylation
of the GR. Impairment in GR phosphorylation
and subsequent impaired translocation of the
receptor into the nucleus and reduced binding
to GRE have been reported in large proportions
of patients with steroid unresponsiveness. p38
mitogen activated protein kinase (p38MAPK) is
thought to participate in the phosphorylation
of GR, which does not allow for nuclear
translocations, and this effect is blocked upon
addition of a p38MAPK inhibitor.29,30 IL-2, IL-4,
IL-5, and IL-13 are known to induce the
phosphorylation of serine 226 on GR, which is
inhibited by p38MAPK inhibitor. Selective
inhibition of p38MAPK isoforms alpha, beta,
and gamma increases the responsiveness to
steroids in alveolar macrophages and peripheral
blood mononuclear cells (PBMC) of severe
asthma patients in response to IL-2 plus IL-4.31
TNF-α-induced p38MAPK, c-Jun N-terminal
kinase (JNK), also phosphorylates GR at
serine 226, inhibiting its binding with GRE in
PBMC isolated from severe asthma patients.32
To
combat
the
phosphorylation-induced
inefficiency
of
GR,
corticosteroids
and
long-acting β2 agonists (LABA), like formoterol,
activate MKP-1 and protein phosphatase
2A (PP2A), endogenous inhibitors of the
JNK and p38MAPK pathways.33 In alveolar
macrophages of patients with a poor response
to steroids, it was observed that MKP-1
expression was significantly reduced and was
negatively corelated with p38MAPK activity.
PP2A expression and activity was found to
be reduced in PBMC of steroid-resistant
asthma patients and knockdown of PP2A or
inhibition reduced steroid responsiveness by
inhibiting nuclear translocation and increasing
JNK1 phosphorylation.
Inducible nitric oxide synthase (iNOS) has been
reported to be increased in severe asthmatic
patients, and high levels of nitric oxide have
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been reported to modify the GR ligand
binding site by nitrosylating the GR at the
Hsp90 interaction site, thereby inhibiting the
translocation of GR into the nucleus. Whether
this is relevant to steroid-resistant patients or
not remains to be studied.28,34 Intriguingly,
iNOS is increased by smoking,35 and steroid
insensitivity in smokers with asthma may be
attributed to this mechanism.

Increased Glucocorticoid
Receptor-β Expression
The dominant negative isoform of GR, GRβ,
has been described to be increased in the
lymphocytes, neutrophils, and PBMC of steroidresistant patients.36,37 As previously explained,
GRβ is induced by proinflammatory cytokines
and competes with GRα for the GRE, and hence
it acts as a dominant negative inhibitor. GRβ
also acts as a decoy receptor as it does not
have any ligand binding sites.14 Microbial super
antigens, such as Staphylococcal enterotoxins,
also increase the expression of GRβ and this leads
to steroid resistance in nasal explant models.37
Another possible mechanism was discovered
in alveolar macrophages of steroid-resistant
asthmatic patients, where knockdown of GRβ
with siRNA resulted in GRα nuclear translocation
and increased steroid responsiveness.37

Defective Histone Acetylation
In a different group of steroid-resistant asthmatic
patients, compromised anti-inflammatory action
of steroids was observed along with reduced
side effects. This was attributed to the inability
of GR to acetylate lysine residue (K5) and hence
transactivation of genes, which is required both
for anti-inflammatory action and side effects.
Repression of gene expression is also mediated
by recruitment of histone deacetylase 2 (HDAC2)
to deacetylate the chromatin and cause
structural changes. HDAC2 expression has been
reported to be reduced in alveolar macrophages,
airways, and peripheral lungs in patients with
severe asthma and steroid resistance.38-40
The mechanism for this has been elucidated:
oxidative and nitrative stress led to the formation
of peroxynitrite, which nitrates tyrosine
residues on HDAC2, resulting in ubiquitination,
degradation, and inactivation of HDAC2.
Oxidative stress also phosphorylates PI3Kδ,
which further leads to phosphorylation and
inactivation of HDAC2.40-42
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Table 1: List of possible drugs and novel therapeutic strategies for the treatment of steroid-resistant/severe asthma
by interfering with the pathways that cause it.

Study

Drugs

Target molecule

Mechanism of action

Mercado et al.,31
2011

p38 MAPK
inhibitors

p38 MAPK

Inhibits phosphorylation of serine 226 on the GR.

Mercado et al.,47
2012

LABA formoterol

PP2A

Increases PP2A, hence dephosphorylating
p38 MAPK-γ and reducing phosphorylation
of GR on serine 226.

Chong et al.,46
2011

Roflumilast

PDE4

PDE4 inhibitor.

Cosio et al.,50
2004

Theophylline

PI3Kδ

Inhibits PI3Kδ and restores HDAC2 activity
in macrophages from patients with COPD.

Mercado et al.,51
2011

Nortriptyline

PI3Kδ

Inhibits PI3Kδ and restores HDAC2 activity
in macrophages from patients with COPD.

Kobayashi et al.,45
2013

Macrolides

PI3Kδ pathway

Targets the PI3K pathway and restores
HDAC2 activity.

To et al.,52
2010

IC87114

PI3Kδ inhibitor

Targets the PI3K pathway and restores
HDAC2 activity.

COPD: chronic obstructive pulmonary disease; HDAC2: histone deacetylase 2; PDE4: phosphodiesterase type 4;
PP2A: protein phosphatase 2A; GR: glucocorticoid receptor; p38 MAPK: p38 mitogen activated protein kinases.

Immune Mechanisms
Th17 cells have been shown to be the hallmark
cell type as they not only increase in number
but also induce neutrophilic inflammation in
steroid-resistant patients. In mice, adoptive
transfer of Th17 cells leads to steroid resistance.
In addition to this, IL-17 increases the expression
of GRβ in airway epithelial cells more than
in other cell types and is not suppressed by
corticosteroids in vitro. When Th17 is increased,
Treg cell response is reduced as they fail to
secrete IL-10 in response to steroids; however,
it was recently shown that oral administration of
vitamin D3 enhanced ex vivo Treg response to
steroids.43 This suggests that vitamin D3 could
be used as a potential therapeutic drug along
with steroids.

Possible Therapeutic Strategies to
Control Steroid-Resistant Asthma
With the present studies and insight into the
mechanism of action of steroids, many potential
strategies have been identified to control steroidresistant asthma. One of the most common
strategies is the use of broad-spectrum
antibiotics.44 This is due to the fact that most
cases of neutrophilic asthma that are resistant
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to corticosteroids are because of bacterial
infections.44 Interestingly, solithromycin, a novel
macrolide, improved oxidative stress-mediated
steroid insensitivity, and, when it was given
along with steroids, also inhibited neutrophilia.45
In this respect, phosphodiesterase 4 inhibitors
and oral roflumilast are in clinical development
as an anti-inflammatory regimen; however,
these oral uses are limited by their side effects,
such as nausea, diarrhoea, and headaches, and
inhaled drugs have proven ineffective so far.46
p38MAPK inhibitors look promising based on the
theoretical and experimental studies in steroidresistant asthma.31,47 However, in rheumatoid
arthritis, prolonged administration of p38MAPK
inhibitors led to the development of tolerance for
the drug, suggesting that this might not be the
only essential pathway.48 HDAC2 restoration with
plasmid vectors has been reported to improve
steroid responsiveness in macrophages of severe
asthma patients, but administration of plasmids
to patients does not seem clinically viable.49
In such a case, selective activation of HDAC2
could prove beneficial; drugs like theophylline
and nortriptyline are known to increase
HDAC2 expression and increase HDAC2
activity by inhibiting PI3Kδ.50-52 Similarly,
sulforaphane and curcumin have been found
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to increase the expression of HDAC2 and
reduce oxidative stress. Inhaled LABA are
usually prescribed for asthmatics, and it is now
well established that, when given alongside
steroids, they improve the action of steroids
by increasing the nuclear translocation of GR
necessary for its anti-inflammatory actions. LABA
achieves this by inhibiting the phosphorylation
of GR at serine 226, inhibiting JNK1 and
p38MAPKγ.53-55 This benefit is mutually shared
as GR increases the expression of β2 agonist
receptors, increasing receptor turnover and
preventing receptor blunting3,30 (Table 1).

CONCLUSION
Although quite a few therapeutic strategies
have been identified, a more concrete approach
is required that ensures the side effects are
reduced. For instance, blocking pathways and
proteins that might also play a role in basic
cell homeostasis could prove to be futile and
even dangerous. With this premise, one can
think of therapeutic agents, such as vitamin D3,
which have been shown to be beneficial.
However, recent studies raise the concern
that the function of vitamin D3 is ambiguous

as it did not show any protective effects
against upper respiratory tract infections in
adults with asthma along with stable doses of
corticosteroids.56,57 This indicates that any further
complications in asthma, such as viral load,
could alter the expected effect of vitamin D3.
Not only vitamins but dietary supplements,
such as omega-6 fatty acid, are also known to be
correlated with asthma prevalence. Our group
has shown that one such omega-6 fatty acid
metabolite, 13-S-HODE, leads to severe asthmatic
symptoms in mice and is resistant to steroid
therapy.58 This study is also relevant as it has
been shown that 13-hydroxyoctadecadienoic
acid increases in the sera of asthmatics
compared to controls. This indicates that
13-hydroxyoctadecadienoic acid is an intrinsic
parameter that may lead to steroid resistance
in asthmatics if left unchecked. Thus, dietary
supplementation may also prove to be
important in genesis of the steroid-resistant
features in asthmatics. Keeping this in mind,
it is essential to identify and study more
pathways to give rise to a more promising
therapeutic with minimal side effects. This can
be done by developing efficient mice models
and studying molecular mechanisms from a
new point of view.

References
1.

2.

3.

4.

56

Sapolsky RM et al. How do
glucocorticoids influence stress
responses? Integrating permissive,
suppressive, stimulatory, and
preparative actions. Endocr Rev.
2000;21(1):55-89.
Barnes PJ. Anti-inflammatory
actions of glucocorticoids:
Molecular mechanisms. Clin Sci.
1998;94(6):557-72.
Barnes PJ. Corticosteroid resistance
in patients with asthma and chronic
obstructive pulmonary disease. J
Allergy Clin Immunol.
2013;131(3):636-45.
Kumar P, Ram U. Patterns, factors
associated and morbidity burden
of asthma in India. PLoS One.
2017;12(10):e0185938.

5.

Wenzel SE. Asthma: Defining of the
persistent adult phenotypes. Lancet.
2006;368(9537):804-13.

6.

Busse WW et al. Pathophysiology
of severe asthma. J Allergy Clin
Immunol. 2000;106(6):1033-42.

7.

Schwartz HJ et al. Steroid resistance
in bronchial asthma. Ann Intern Med.
1968;69(3):493-9.

8.

Cohen L et al. Epithelial cell
proliferation contributes to airway
remodeling in severe asthma.
Am J Respir Crit Care Med.
2007;176(2):138-45.

9.

Barnes PJ et al. Glucocorticoid
resistance in asthma. Am J Respir Crit
Care Med. 1995;152(6 Pt 2):S125-40.

10. Corrigan CJ, Loke TK. Clinical and
molecular aspects of glucocorticoid
resistant asthma. Ther Clin Risk
Manag. 2007;3(5):771-87.
11.

Encío IJ, Detera-Wadleigh SD. The
genomic structure of the human
glucocorticoid receptor. J Biol Chem.
1991;266(11):7182-8.

12.

Breslin MB et al. Multiple promoters
exist in the human GR gene, one of
which is activated by glucocorticoids.
Mol Endocrinol. 2001;15(8):1381-95.

13.

Oakley RH et al. The human

EUROPEAN MEDICAL JOURNAL • September 2018

glucocorticoid receptor beta isoform.
Expression, biochemical properties,
and putative function. J Biol Chem.
1996;271(16):9550-9.
14. Webster JC et al. Proinflammatory
cytokines regulate human
glucocorticoid receptor gene
expression and lead to the
accumulation of the dominant
negative beta isoform: A mechanism
for the generation of glucocorticoid
resistance. Proc Natl Acad Sci U S A.
2001;98(12):6865-70.
15.

Giguère V et al. Functional domains
of the human glucocorticoid receptor.
Cell. 1986;46(5):645-52.

16.

Necela BM, Cidlowski JA. Mechanisms
of glucocorticoid receptor action in
noninflammatory and inflammatory
cells. Proc Am Thorac Soc.
2004;1(3):239-46.

17.

Pratt WB, Toft DO. Steroid receptor
interactions with heat shock protein
and immunophilin chaperones.
Endocr Rev. 1997;18(3):306-60.

EMJ

EUROPEAN MEDICAL JOURNAL

18.
19.

Ausiello D et al. Pathogenesis of gout.
Ann Intern Med. 2005;143(7):499-516.
Reichardt HM et al. Repression
of inflammatory responses in the
absence of DNA binding by the
glucocorticoid receptor. EMBO J.
2001;20(24):7168-73.

20. Surjit M et al. Widespread negative
response elements mediate direct
repression by agonist-liganded
glucocorticoid receptor. Cell.
2011;145(2):224-41.
21.

Morrison N, Eisman J. Role of the
negative glucocorticoid regulatory
element in glucocorticoid repression
of the human osteocalcin promoter. J
Bone Miner Res. 1993;8(8):969-75.

22. Webster JC, Cidlowski JA.
Mechanisms of glucocorticoidreceptor-mediated repression of gene
expression. Trends Endocrinol Metab.
1999;10(10):396-402.
23. Truss M, Beato M. Steroid
hormone receptors: Interaction
with deoxyribonucleic acid and
transcription factors. Endocr Rev.
1993;14(4):459-79.
24. McKay LI, Cidlowski JA. Cross-talk
between nuclear factor-kappa B
and the steroid hormone receptors:
Mechanisms of mutual antagonism.
Mol Endocrinol. 1998;12(1):45-56.
25. Amsterdam A et al. Cell-specific
regulation of apoptosis by
glucocorticoids: Implication to their
anti-inflammatory action. Biochem
Pharmacol. 2002;64(5-6):843-50.
26. Kai H et al. Dexamethasone
suppresses mucus production
and MUC-2 and MUC-5AC gene
expression by NCI-H292 cells. Am J
Physiol. 1996;271(3 Pt 1):L484-8.
27. Katsunuma T et al. Glucocorticoids
reduce tachykinin NK2 receptor
expression in bovine tracheal
smooth muscle. Eur J Pharmacol.
1998;344(1):99-106.
28. Ito K et al. Update on glucocorticoid
action and resistance. J Allergy Clin
Immunol. 2006;117(3):522-43.
29. Hew M et al. Relative corticosteroid
insensitivity of peripheral blood
mononuclear cells in severe
asthma. Am J Respir Crit Care Med.
2006;174(2):134-41.
30. Durham A et al. Steroid resistance in
severe asthma: Current mechanisms
and future treatment. Curr Pharm
Des. 2011;17(7):674-84.
31.

Mercado N et al. p38 mitogenactivated protein kinase-gamma
inhibition by long-acting beta2
adrenergic agonists reversed steroid
insensitivity in severe asthma. Mol
Pharmacol. 2011;80(6):1128-35.

32. Ismaili N, Garabedian MJ. Modulation
of glucocorticoid receptor function
via phosphorylation. Ann N Y Acad

Sci. 2004;1024:86-101.
33. Kobayashi Y et al. Defects of protein
phosphatase 2A causes corticosteroid
insensitivity in severe asthma. PLoS
One. 2011;6(12):e27627.
34. Silkoff PE et al. Exhaled nitric oxide
identifies the persistent eosinophilic
phenotype in severe refractory
asthma. J Allergy Clin Immunol.
2005;116(6):1249-55.
35. Jiang WT et al. Expression of nitric
oxide synthase isoenzyme in lung
tissue of smokers with and without
chronic obstructive pulmonary
disease. Chin Med J (Engl).
2015;128(12):1584-9.
36. Hamid QA et al. Increased
glucocorticoid receptor beta in
airway cells of glucocorticoidinsensitive asthma. Am J Respir Crit
Care Med. 1999;159(5 Pt 1):1600-4.
37. Goleva E et al. Increased
glucocorticoid receptor beta alters
steroid response in glucocorticoidinsensitive asthma. Am J Respir Crit
Care Med. 2006;173(6):607-16.
38. Ito K et al. Decreased histone
deacetylase activity in chronic
obstructive pulmonary disease. N
Engl J Med. 2005;352(19):1967-76.
39. Barnes PJ et al. Corticosteroid
resistance in chronic obstructive
pulmonary disease: Inactivation
of histone deacetylase. Lancet.
2004;363(9410):731-3.
40. Osoata GO et al. Nitration of
distinct tyrosine residues causes
inactivation of histone deacetylase
2. Biochem Biophys Res Commun.
2009;384(3):366-71.
41.

Ito K et al. Oxidative stress
reduces histone deacetylase 2
activity and enhances IL-8 gene
expression: Role of tyrosine nitration.
Biochem Biophys Res Commun.
2004;315(1):240-5.

42. Barnes PJ. Reduced histone
deacetylase in COPD: Clinical
implications. Chest. 2006;129(1):151-5.
43. Xystrakis E et al. Reversing the
defective induction of IL-10-secreting
regulatory T cells in glucocorticoidresistant asthma patients. J Clin
Invest. 2006;116(1):146-55.
44. Reidl J, Monsó E. Glucocorticoids
and antibiotics, how do they
get together? EMBO Mol Med.
2015;7(8):992-3.
45. Kobayashi Y et al. A novel macrolide/
fluoroketolide, solithromycin
(CEM-101), reverses corticosteroid
insensitivity via phosphoinositide
3-kinase pathway inhibition. Br J
Pharmacol. 2013;169(5):1024-34.
46. Chong J et al. Phosphodiesterase
4 inhibitors for chronic obstructive
pulmonary disease. Cochrane
Database Syst Rev. 2011;5:CD002309.

Creative Commons Attribution-Non Commercial 4.0

47. Mercado N et al. Restoration of
corticosteroid sensitivity by p38
mitogen activated protein kinase
inhibition in peripheral blood
mononuclear cells from severe
asthma. PLoS One. 2012;7(7):e41582.
48. Hammaker D, Firestein GS. “Go
upstream, young man”: Lessons
learned from the p38 saga. Ann
Rheum Dis. 2010;69(Suppl 1):i77-82.
49. Ito K et al. Histone deacetylase
2-mediated deacetylation of the
glucocorticoid receptor enables
NF-kappaB suppression. J Exp Med.
2006;203(1):7-13.
50. Cosio BG et al. Theophylline
restores histone deacetylase
activity and steroid responses in
COPD macrophages. J Exp Med.
2004;200(5):689-95.
51.

Mercado N et al. Nortriptyline
reverses corticosteroid insensitivity
by inhibition of phosphoinositide3-kinase-δ. J Pharmacol Exp Ther.
2011;337(2):465-70.

52. To Y et al. Targeting
phosphoinositide-3-kinase-delta with
theophylline reverses corticosteroid
insensitivity in chronic obstructive
pulmonary disease. Am J Respir Crit
Care Med. 2010;182(7):897-904.
53. Usmani OS et al. Glucocorticoid
receptor nuclear translocation in
airway cells after inhaled combination
therapy. Am J Respir Crit Care Med.
2005;172(6):704-12.
54. Giembycz MA et al. A holy grail
of asthma management: Toward
understanding how long-acting
beta(2)-adrenoceptor agonists
enhance the clinical efficacy
of inhaled corticosteroids. Br J
Pharmacol. 2008;153(6):1090-104.
55. Barnes PJ. Scientific rationale
for inhaled combination therapy
with long-acting beta2-agonists
and corticosteroids. Eur Respir J.
2002;19(1):182-91.
56. Martineau AR et al. Double-blind
randomised placebo-controlled
trial of bolus-dose vitamin
D3 supplementation in adults
with asthma (ViDiAs). Thorax.
2015;70(5):451-7.
57. Upham JW, Sly PD. Vitamin D in
asthma. Is the golden bullet losing its
luster? Am J Respir Crit Care Med.
2016;193(6):598-600.
58. Panda L et al. Linoleic acid metabolite
leads to steroid resistant asthma
features partially through NF-κB. Sci
Rep. 2017;7(1):9565.

September 2018 • EUROPEAN MEDICAL JOURNAL

57

