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Abstract: Glucocorticoids (GCs) represent the cornerstone of treatment of patients with bronchial asthma; however, in-

flammation in bronchial asthma is sometimes incompletely controlled. GCs switch on the expression of anti-inflammatory 

genes by binding to DNA and recruiting transcriptional coactivator molecules. In contrast, they can switch off activated 

inflammatory genes by recruiting transcriptional repressor molecules such as histone deacetylase (HDAC) 2. 

Proinflammatory transcriptional element activator protein-1 (AP-1) and transcription factor nuclear factor kappa B (NF-

B), and upstream kinase p38 and c-Jun-N-terminal kinase (JNK) amplify inflammation and resistance to the actions of 

GCs. The activity of histoneacetyltransferase (HAT) and HDAC influences the expression of inflammatory genes. Cyto-

kines, inflammatory mediators, allergens, viral or bacterial infections, oxidative stress, smoking, and vitamin D deficiency 

may all lead to a worsened clinical outcome by influencing these pathways. 

Conventional therapy acts by inhibiting NF- B, enhancing glucocorticoid receptor (GR) functions, and restoring HDAC 

activity, resulting in helpful add-on therapy. Targeting kinases such as inhibitor of B kinase (IKK)2, mitogen activated 

protein (MAP) kinase (MAPK)s and phospho-inositol (PI)3 kinase (PI-3K) should be effective as therapy. Decoy oligonu-

cleotides for AP-1and NF- B are also candidates for the treatment of glucocorticoid-resistant (GC-R) asthma. 

Since various factors affect GC response, the pathogenesis of GC-R asthma is considered to be heterogeneous. Most GC 

nonresponsiveness in these patients is relative and not absolute, suggesting that resistance is dependent on the intensity of 

localized inflammation. A better understanding of the inflammatory mechanisms of asthma may signal the management of 

GC-R asthma. 
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INTRODUCTION 

 GCs are the most effective anti-inflammatory therapy for 
bronchial asthma and are widely used via inhaled, oral, and 
intravenous routes. Steroids have various roles in bronchial 
asthma. Inhibition of the recruitment of inflammatory cells to 
the airways and lungs, inactivation of inflammatory cells, 
reduction of vascular permeability, inhibition of airway se-
cretion, inhibition of airway hypersensitivity, enhancement 
of 2-adrenergic receptor gene transcription, inhibition of 
arachidonate metabolism, and inhibition of leukotrienes 
(LTs) and prostaglandins have been demonstrated. Control 
of the synthesis of cytokines has attracted attention. GCs 
downregulate the m-RNA of various inflammatory cytokines 
and chemokines and upregulate the m-RNA of molecules 
that negatively control inflammatory cytokines. 

 A small proportion of asthmatic patients have persistent 
symptoms

 
and poor control despite receiving GC therapy. 

Corticosteroid-insensitive asthma is found in about 5% of 
asthmatic patients, but resistance is very rare and affects less 
than 0.1% of patients [1]. Many processes involved in in- 
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flammation escape modulation by GCs, and resistance to the 
anti-inflammatory effects of GC is mediated by several 
mechanisms [1-3].  

 Before diagnosing a patient with GC-R asthma, several 
underlying clinical conditions should be taken into account, 
since other diseases may masquerade as GC-R asthma and 
co-administration of certain drugs, such as rifampicin, 
phenytoin, and phenobarbital, may reduce steroid availability 
by affecting steroid metabolism through CYP3A4. 

 Although the evaluation criteria of GC-R asthma may 
differ from trial to trial, most clinical manifestations of GC-
R asthma largely emphasize the definition of persistence of 
airway obstruction and

 
failure of FEV1 to improve by 15% of 

baseline after 10 to
 
14 days of high-dose oral corticosteroids, 

typically 40 mg prednisolone
 
daily, when evaluated mainly 

by reversibility of airflow obstruction [4]. However, when 
considering the current widespread use of inhaled GC, a 
definition referring to the inhalation route should also be 
taken into account [5].  

 There are various underlying clinical manifestations in 
GC-R asthma, and considering respiratory function is not 
always presumed to represent the GC-R status, so here, GC-
R asthma is discussed not only according to traditional strict 
criteria but also according to the wide concept that includes 
clinical failure to demonstrate a satisfactory response to ster-
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oid therapy. This paper is an overview of factors associated 
with GC-R asthma from the view of inflammation and is 
structured as the following sections: introduction, anti-
inflammatory action of GCs, protein kinase pathways in GC 
resistance, roles of transcription factors in GC resistance, 
profile of cytokine expression: pathogenesis of both Th1 and 
Th2 inflammation, environmental and other factors, the 
process of airway remodeling, biomarkers for GC-R asthma, 
available agents to improve steroid response and new thera-
peutic agents, and conclusion. 

ANTI-INFLAMMATORY ACTION OF GCS 

 GCs act by binding to GR. The GR is located in the cyto-
plasm and in complexes containing heat shock proteins. 
Upon binding to its ligand, the GR undergoes dissociates 
from heat shock proteins, homodimerizes and translocates to 
the nucleus. It binds to GC response elements (GREs) in the 
promoter region of steroid-sensitive genes and also directly 
or indirectly to coactivator molecules such as cyclic adeno-
sine monophosphate response element binding protein 
(CREB)-binding protein (CBP), p300/CBP activating factor 
(pCAF) and glucocorticoid receptor interacting protein-1 
(GRIP-1), which have intrinsic HAT activity. Acetylation of 
lysines on histone H4 is followed by activation of genes en-
coding anti-inflammatory proteins, such as secretory leuko-
protease inhibitor (SLPI), MAPK phosphatase 1 (MKP-1), 
inhibitor of nuclear factor- B (I B)- , and glucocorticoid-
induced leucine zipper protein (GILZ). These cause inhibi-
tion of p38 MAP kinase, AP-1, and NF- B. 

 GC-mediated suppression of inflammation mostly occurs 
without binding to DNA, by inhibiting the ability of tran-
scription factors such as NF- B and AP-1 activated by cyto-
kines to induce proinflammatory gene transcription. A dimer 
of p50 and p65 NF- B proteins translocates to the nucleus 
and binds to specific B recognition sites and to coactivators, 
such as CBP or pCAF, which have intrinsic HAT activity 
and are able to recruit other HAT enzymes. Following the 
acetylation of lysines of core histone H4, the chromatin 
structure transforms to an activated open form. This allows 
binding of TATA box-binding protein (TBP) and polymerase 
RNA  and initiation of transcription of genes encoding mul-
tiple inflammatory proteins. Repression of genes is con-
versely associated with a reversal of this process by histone 
deacetylation, mediated by HDACs and other corepressors 
[1].  

 GCs’ action to suppress inflammatory cytokine produc-
tion is a combination of direct inhibition of HAT activity and 
recruitment of HDAC activity to the activated transcriptional 
complex [6]. In asthmatic subjects there is an increase in 
HAT activity and a reduction in HDAC activity [7-9].  

 Anti-inflammatory gene activation is unlikely to explain 
the anti-inflammatory actions of GCs, since high concentra-
tions of GCs are required to increase the transcription of 
anti-inflammatory genes. Switching off inflammatory genes 
through interaction with transcription factors may be the 
major effect of corticosteroids. 

 GR is a ligand-regulated transcription
 
factor, widely dis-

tributed in the airways and expressed on inflammatory and 
structural cells, such as endothelial and epithelial cells, 

smooth muscle cells, fibroblasts, eosinophils, T lympho-
cytes, dendritic cells, and macrophages [10].  

 GR belongs to the family of intracellular ligand-inducible 
transcription factors termed the

 
steroid/vitamin D/retinoic 

acid superfamily. The essential structural and functional
 
fea-

tures are an amino-terminal transactivation domain,
 
a central 

zinc-finger DNA binding domain, and a carboxyl-terminal
 

ligand binding domain. GR phosphorylation is associated 
with modulation of ligand binding, nuclear translocation, 
DNA binding, receptor dimerization, and interaction with 
general transcription factors. 

 GR  has been implicated in GC-R asthma [11-14]. GR  
is an alternatively spliced form that binds to DNA but cannot 
be activated by GC, and has been reported to antagonize

 
the 

transactivating activity of GR . 

 Whether GR  has a physiologic role in modulating ster-
oid responsiveness in GC-R asthma is controversial [15,16], 
since its level of expression is very low compared to that of 
GR  (typically 10- to 100 fold less, at least at the level of 
mRNA expression). 

 Based on recent accumulated evidence, new actions of 
GR  have been revealed. GR  can widely regulate gene ex-
pression and the action of the receptor is modulated by the 
GR antagonist RU-486 in the U-2 OS cell line [17], GR  is 
able to act as a transcriptional repressor of cytokine genes 
and mediates its function through the recruitment of HDAC 
complex. GR  and GR  act in a similar manner on interleu-
kin (IL)-5 and IL-13 promoters, serving to repress transcrip-
tion [18]. GR  has intrinsic, GR -independent transcrip-
tional activity [19]. Taking these observations together, if 
GR  contributes to GC-R asthma, GR  might have a more 
important role, other than acting as a dominant-negative in-
hibitor of GR . 

PROTEIN KINASE PATHWAYS IN GC RESIS-
TANCE 

 Kinase pathways are essential in the expression and acti-
vation of inflammatory mediators and in immune cell func-
tion. MAPK, JNKs, IKK, and PI-3Ks regulate inflammation 
either through activation of proinflammatory transcription 
factors such as AP-1 and NF- B, or through regulation of 
mRNA half-life. Janus kinases (JAK)s, signal transducer and 
activator of transcription (STAT)s pathways also play a role 
in inflammation [20].  

 MAPKs are a family of Ser/Thr kinases that transduce 
extracellular signals to the nucleus. Three major groups of 
MAPK, extracellularly regulated kinase (ERK), JNK and 
p38, are known. MAPKs receive signals from a diverse 
range of extracellular

 
stimuli such as stress and mitogens, 

thereby controlling the
 
cellular response to environmental 

changes. The synthesis of many inflammatory mediators is 
regulated through activation of p38 MAPK. mRNAs encod-
ing tumor necrosis factor (TNF)- , IL-1 , IL-6, IL-8, granu-
locyte-macrophage colony stimulating factor (GM-CSF) and 
cyclo-oxygenase (COX)-2 share common AU-rich elements 
(ARE) which make the mRNA unstable with rapid degrada-
tion. ARE-binding proteins (AREBP) are responsible for 
stabilization of those mRNAs. Activation of p38 MAP 
kinase results in activation of AREBP, so that synthesis of 
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inflammatory proteins is increased. Changes in the binding 
affinity of nuclear GR induced by exposure to IL-2/IL-4 may 
be caused by phosphorylation of GR at serine 226 secondary 
to the resulting activation of p38 MAP kinase [21]. The 
combination of IL-2 and IL-4 inhibits GR nuclear transloca-
tion in human T cells, and this effect is reversed by inter-
feron (IFN)-  via inhibition of p38 MAPK activation [22]. 
TNF reciprocally inhibits glucocorticoid actions, through 
suppression of GR function by activation of p38 [23-24].  

 JNK represents a subgroup of the MAPK family that is
 

activated primarily by cytokines and environmental stresses 
such as osmotic or redox stress and UV radiation. JNK is 
required for the regulation of inflammatory genes including 
those of cytokines, growth factors, cell surface receptors, cell 
adhesion molecules and proteases such as matrix metallopro-
teinase (MMP)-1. JNKs are phosphorylated and activated by 
MAPK kinases, which are activated by multiple upstream 
MAPKK kinases including the mixed lineage kinases 
(MLKs). JNK and ERK inhibited GR-mediated transcrip-
tional activation,

 
which could be attributable to GR phos-

phorylation at Ser-246 by
 
JNK but not ERK [25-27]. Cross 

talk of JNK signaling pathways with GR has been observed. 
GR may bind directly to the active AP-1 transcriptional 
complex, regulate JNK through MKP-1, prevent association 
of JNK with its upstream activators MAP kinase kinase 
(MKK)4 and MKK 7 by binding cytoplasmic JNK, and form 
inactive JNK which may compete with active JNK for bind-
ing to c-Jun in the nucleus [28,29].  

 GCs not only induce the MKP-1 gene, but also reduce its 
degradation [30,31]. MKP- 1 inhibits MAPK pathways and 
therefore inhibits JNK and to a lesser extent ERK. One of the 
effects of such inhibition is reduced stability of AU-rich 
element-containing mRNA, which activates inflammation. 

 PI3Ks play a prominent role in fundamental cellular re-
sponses of various inflammatory cells, including prolifera-
tion, differentiation, and cell migration. PI3Ks might be in-
volved in allergic airway inflammation, airway hyperrespon-
siveness (AHR), and airway remodeling by regulating the 
challenge/effector phase of allergic response [32]. PI3K may 
be involved in corticosteroid sensitivity through

 
reducing 

HDAC activity [33].  

 JAKs are a class of tyrosine kinases that associate with 
cytokine receptors. Upon ligand binding, they activate mem-
bers of the STAT family. JAK-STAT signaling controls 
pulmonary inflammation and AHR. Most of such studies 
have focused on STAT6, given its involvement in directing 
Th2 responses and IgE production [34].  

 Thus, GCs exert their anti-inflammatory effect through 
inhibiting kinase pathways. On the other hand, GC resistance 
is associated with increased activation of protein kinases, 
which might attenuate GR function or reduce HDAC activ-
ity. This may explain why GC resistance is dependent on the 
intensity of inflammation. 

ROLES OF TRANSCRIPTION FACTORS IN GC 
RESISTANCE 

 Transcription factors such as AP-1, NF- B, STAT, nu-
clear factor of activated T cell (NF-AT), GATA, and GR 
modulate inflammatory genes. 

 The proinflammatory transcriptional element AP-1 is 
comprised of variable heterodimers of Jun (c-Jun, JunB and 
JunD) and Fos (c-Fos, FosB, Fra1 and Fra2) family mem-
bers. It is activated through the phosphorylation of c-Jun and 
the transcriptional regulation of c-Fos. Phosphorylated JNK 
phosphorylates and activates c-jun. AP-1 increases the tran-
scription of a number of asthma-relevant cytokine genes. 

 Th2 cytokines can enhance AP-1 expression, which is 
enhanced in the asthmatic airway [35]. Mononuclear cells of 
GC-R patients show defective inhibition of AP-1 in response 
to GCs [36]. Failure to suppress JNK phosphorylation lead-
ing to failure to suppress c-Jun phosphorylation, leading to 
dysregulation of AP-1 in GC-R asthma has been suggested 
in skin biopsy specimens from a tuberculin-induced model 
[37] and bronchial biopsy sections [38]. 

 The transcription factor NF- B [39] consists of het-
erodimers and homodimers of related proteins belonging to 
the Rel family of transcription factors, which consists of five 
family members: p65 (Rel A), Rel B, c-Rel, NF- B1 (con-
sisting of p50 and its precursor p105), and NF- B2 (p52 and

 

its precursor p100). NF- B regulates the genes encoding 
intercellular adhesion molecule-1 (ICAM-1), vascular cell 
adhesion molecule-1 (VCAM-1), E selectin, GM-CSF, TNF-

, IL-6, and chemokines belonging to the C-C and C-X-C 
families. NF- B is also involved in IL-4 signaling and CD40 
signaling, which are important for the IgE production proc-
ess. NF- B is activated by various stimulation such as TNF-

, IL-1 , IL-2, LTB4, allergens, mitogens, lipopolysaccha-
ride (LPS), viral infections, oxidative stress, and exposure to 
reactive oxygen. In resting cells, NF- B is retained in the 
cytoplasm, complexed to an inhibitor protein from the I B 
family. Stimulation activates the IKK complex, which then 
phosphorylates I B. This allows NF- B to translocate into 
the nucleus where it can bind to B sequences in the promot-
ers of NF- B-dependent genes to up-regulate transcription. 

 GCs may inhibit the action of NF- B by increasing I B 
production in certain cell lines [40,41], by inhibiting up-
stream kinase pathways or by reversing histone acetylation at 
the site of inflammatory gene transcription, either by direct 
binding of activated GR to NF- B-associated co-activators 
or by recruitment of HDACs to the activated transcription 
complex. 

 NF- B is closely related to the pathogenesis of asthma. 
In patients with bronchial asthma, NF- B activity is in-
creased in airway epithelial cells, submucosal cells, and 
macrophages from sputum [42-44]. Increased levels of acti-
vated p65, phosphorylated I B  (p-I B ), and

 
IKK  are 

found in peripheral blood mononuclear cell (PBMC) of sub-
jects with severe uncontrolled asthma [45]. The excess of 
active NF- B in severe uncontrolled asthma

 
may impair the 

antiinflammatory action of GCs. 

 STAT plays an important role in asthma. Functional in-
teractions have been described between STAT family mem-
bers and GR or its cofactors [46]. At present, it remains un-
clear how these interactions influence GC resistance in 
asthma. 

 Corticosteroids inhibit GATA-3 function through a rapid 
inhibitory effect on GATA-3 nuclear translocation by prefer-
ential binding to the shared nuclear import protein importin-
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 and also by inhibiting p38 MAP kinase through induction 
of MAP kinase phosphatase-1 [47].  

 Interaction of CCAAT/enhancer binding protein  
(C/EBP ) with GR

 
by complex formation may mediate im-

portant physiological actions
 
of GCs. There is accumulating 

evidence that a decrease in the levels of C/EBP  is responsi-
ble for inflammation in the airway smooth muscle in asth-
matics. The loss of C/EBP  in airway smooth-muscle cells 
of asthmatics may be critical for the loss of GR function 
since, in these cells, GR forms a critical complex with 
C/EBP  that enables the induction of key anti-inflammatory 
mediators [48].  

 Recent investigations suggest the participation of inter-
feron regulatory factor-1 (IRF-1) in steroid resistance. IRFs 
mediate infection-induced signaling pathways and as such 
play a critical role in antiviral defense, immune response, 
cell growth regulation and apoptosis. IFN-  and IRF-1 affect 
the Th1/Th2 cytokine balance, and influence the differentia-
tion of Th2 cells, which influence the development of 
asthma. Expression of IRF-1 was increased after viral infec-
tions [49]. This may explain the reduced steroid responsive-
ness seen in patients with asthma experiencing viral infec-
tions [50,51]. IRF-1 interferes with steroid signaling in air-
way

 
smooth muscle cells. IRF-1 is critical not only for regu-

lation of the transcriptional induction of CD38 which plays a 
role in bronchial hyperresponsiveness and

 
airway inflamma-

tion, but is also responsible for cytokine-induced steroid re-
sistance in part via suppression of GR activities [52].  

 Multiple signals mediate activation or inhibition of tran-
scription factors. Signals may be amplified or altered by 
various conditions before reaching transcription factors. 
Transcription factors may physically interact with each other 
and modify GC action [53]. These complicated pathways are 
underlying factors in inflammation and GC-R asthma. 

PROFILE OF CYTOKINE EXPRESSION: PATHO-
GENESIS OF BOTH TH1 AND TH2 INFLAMMATION 

 The profile of cytokine expression might underlie poor 
responsiveness to GCs. In patients with GC-R asthma, a 
combination of increased IL-2 and IL-4 reduced GR binding 
affinity in PBMC, and the effects were reversible and 
blocked by IFN-  [54,55]. Study of bronchoalveolar lavage 
(BAL) fluid showed significantly greater numbers of cells 
expressing IL-2 and IL-4 mRNA in GC-R asthmatics as 
compared with sensitive asthmatics[56]. Bronchial biopsy 
specimens from patients with GC-R asthma revealed overex-
pression of IL-2, IL-4, and IL-13 and a reduction in affinity 
of GRs in inflammatory cells [57,58]. 

 GCs attenuate airway eosinophilia by inducing eosino-
phil apoptosis and inhibiting the response to IL-5 and GM-
CSF survival signals [59,60]. On the other hand, non-
eosinophilic asthma is associated with a poor response to GC 
[61,62]. Recently, in a mouse model, involvement of Th17 
cells in GC-R asthma was reported [63]. Th17 cells represent 
a distinct population of CD4(+) Th cells that mediate neutro-
philic inflammation and are characterized by the production 
of IL-17, IL-22, and IL-6. Th17 cytokine responses are not 
sensitive to dexamathasone (DEX) treatment. Th17 cell-
mediated airway inflammation and AHR are steroid resis-

tant, indicating a potential role of Th17 cells in GC-R 
asthma. 

 The anti-inflammatory cytokine IL-10 inhibits pro-
inflammatory cytokine production, antigen presentation, T 
cell activation and mast cell and eosinophil function. CD4+ 
T cells from GC-R asthmatics show a marked deficiency in 
their capacity to synthesize IL-10 following in vitro stimula-
tion in the presence of DEX, as compared with those from 
GC-sensitive patients with similar disease severity [64].  

 A Th2-mediated disease process is undoubtedly impor-
tant in many patients with asthma, but even this concept has 
some problems. For example, Th1 cells and cytokines have 
also been shown to play a critical role in AHR. Increased 
Th2 cells in the airways of mice mediate eosinophilic in-
flammation and AHR that can be suppressed by treatment 
with GCs. Th1 cells, on the other hand, induce steroid-
resistant AHR through an INF- /TLR4-MyD88-dependent 
mechanism after priming of the innate host defense system 
by LPS [65].  

 Cytokines induce immune activation, which leads to re-
duced GR binding

 
affinity. GC-R asthma is associated with 

alterations in Th2/Th1 type cytokine gene expression pro-
files; that is, failure to repress the production of inflamma-
tory cytokines and to induce the production of anti-
inflammatory cytokines. 

ENVIRONMENTAL AND OTHER FACTORS 

 Factors that induce asthma attacks or exacerbate asthma, 
such as allergens, viral and bacterial infections, and oxida-
tive stress, attenuate GR function or activate transcription 
factors through kinase pathways, and some of them also in-
fluence HDAC2 activity. 

 A reduction in GR binding affinity was observed in rag-
weed-allergic asthmatics during ragweed pollen season. In 
vitro, GR binding in PBMC from atopic asthmatics, incu-
bated with antigens derived from ragweed or cat, but not 
Candida albicans, was significantly reduced [66] suggesting 
that the reduction was allergen specific. 

 Rhinovirus infection is the one of the main causes of 
asthma exacerbations, provoking steroid refractory and ab-
normally intense neutrophilic inflammation. Interestingly, 
patients with asthma do not always have more frequent in-
fections, but rather more intense reactions. Recently, inter-
play of the epidermal growth factor receptor (EGFR) with 
MMP and ERK signaling [67] and primary or acquired IFN 

 and  deficiency [68,69] has been reported as an explana-
tion. Rhinovirus infection induces activation of NF- B, 
which leads to cytokine production and expression of adhe-
sion molecules [70-72]. A study of BAL fluid from subjects 
with GC-R asthma demonstrated classical macrophage acti-
vation and induction of LPS signaling pathways, suggesting 
a contribution of endotoxin exposure to GC resistance [73]. 
Two distinct pathologic, physiologic, and clinical subtypes 
of severe asthma, based on the presence or absence of eosi-
nophils, have been reported. Neutrophils are increased in 
both groups [74]. however, neutrophilic inflammation in 
acute exacerbations of asthma tends to be resistant to treat-
ment with GCs, by causing impaired nuclear recruitment of 
HDAC2 [9].  
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 External influences such as exposure to cigarette smoke, 
an oxidative stress, inhibit the anti-inflammatory actions of 
GC by reducing HDAC expression and activity [75]. Clini-
cally, patients with bronchial asthma who smoke have an 
impaired response to GC therapy compared with those who 
do not smoke [76]. Smoking increases NF- B activity, re-
sulting in increased expression of inflammatory genes such 
as IL-8, MMP and MCP. Smoking can also inhibit GR func-
tion by suppression of GR-associated HDAC2 activity and 
expression [77].  

 There has been growing interest in the role of vitamin D. 
A higher vitamin D intake by pregnant mothers reduces 
asthma risk by as much as 40% in children 3 to 5 years old 
[78,79]. Local conversion of inactive to active vitamin D 
alters immune function in the lung [80]. Addition of vitamin 
D3 and DEX to regulatory T (Treg) cells enhances IL-10 
secretion, and administration of vitamin D3 to patients with 
GC-R asthma enhanced the subsequent responsiveness of 
induction of IL-10 to DEX [81]. Vitamin D also modulates 
Treg function and IL-10 production, which may increase the 
therapeutic response to GC in GC-R asthma [82]. Thus, im-
proving the vitamin D status holds promise for the primary 
prevention of asthma, decreasing exacerbations of the dis-
ease, and treating steroid resistance. 

 These observations together suggest that GC-R asthma 
may be in part an acquired heterogeneous disease, and ex-
plain the clinical manifestation that GC resistance is relative 
and not absolute. 

THE PROCESS OF AIRWAY REMODELING 

 In asthma, lymphocytes and eosinophils constitute most 
of the inflammatory cells infiltrating the bronchial mucosa 
[83]. Patients with GC-R asthma have persistent airway in-
flammation despite treatment with steroids, and therefore 
could be predisposed to increased airway remodeling and 
irreversible lung disease. Airway remodeling in asthma re-
fers to structural changes in the airways, including subepithe-
lial

 
fibrosis, smooth muscle hypertrophy, and blood vessel 

hyperplasia. 

 Reticular basement membrane (RBM) thickening is con-
sidered a hallmark for airway remodeling in airway diseases 
[84]. Abnormal epithelial and

 
lamina reticularis (LR) thick-

ening is observed in subjects with severe asthma. An abnor-
mal proliferative process mediated by the Bcl-2 family of 
genes may play a role

 
in the balance of proliferative and 

death responses. This response in the airway may result in 
epithelial hyperplasia and thickening that appears uncon-
trolled despite treatment with a high dose of GC [85].  

 Imbalance between a remodeling-associated mediator, 
MMP-9, which is capable of degrading extracellular matrix 
(ECM) components, and tissue inhibitor of metalloprotein-
ases (TIMP)-1, which inhibits MMP-9, is observed in 
asthma. An excess of MMPs may be responsible for struc-
tural degradation of tissues, whereas an excess of TIMPs 
may promote excessive tissue repair processes and fibrosis. 
In patients with severe asthma, there is a positive correlation 
between improvement in FEV1 with GC treatment and serum 
MMP-9/TIMP-1 ratio [86,87]. DEX upregulates TIMP-1 
mRNA in BAL fluid cells from patients with GC-sensitive 

asthma, but not in cells from GC-R asthma patients. Inability 
of GC to enhance TIMP-1 production causes a shift in the 
MMP-9/TIMP-1 ratio in GC-R asthma, potentially promot-
ing proteolytic activity in the airways and contributing to 
chronic airway remodeling [88]. Thus, the MMP/TIMP ratio 
may be a promising candidate for a prognostic indicator in 
GC-R asthma. 

BIOMARKERS FOR GC-R ASTHMA 

 Studies have tried to identify the clinical phenotype of 
asthma [89-91]. To accurately distinguish between GC-
sensitive asthma and GC-R asthma patients, a search for 
biomarkers based on mRNA expression profiles in PBMC 
has been attempted. It is compelling that the gene that con-
fers the best prediction by the RT-PCR method is the gene 
encoding the NF- B DNA binding subunit. NF- B is an ex-
citing candidate as one of the key culprit genes responsible 
for GC-R asthma. STAT-4 and IL-4R were also good predic-
tors (5). Expression of FK506-binding protein 51 
(FKBP51), which is an immunophilin chaperone protein, a 
subunit of the multiprotein GR “aporeceptor” complex that 
resides in the cytoplasm before hormone binding, might af-
fect the clinical responsiveness to corticosteroids in asthma, 
and may be a biomarker of corticosteroid responsiveness 
[92].  

AVAILABLE AGENTS TO IMPROVE STEROID 
RESPONSE AND NEW THERAPEUTIC AGENTS 

 Various antiasthmatic agents have been reported to affect 
NF- B, enhance GR functions and enhance GR-associated 
histone deacetylase activity. These have been shown to be 
effective as add-on therapies. 

 High doses of inhaled short-acting 2-adrenoceptor ago-
nists (SABA), salbutamol and fenoterol, have been reported 
to induce steroid resistance by activating CREB, which in-
teracts with GR, resulting in reduced ability of GR to bind 
DNA [93]. This may explain the adverse influence of high 
doses of 2-agonists on morbidity and mortality in asthma 
[94]. 2 -adrenoceptor agonists are potent activators of GR 
[95]. Inhaled long-acting 2-adrenoceptor agonists (LABA) 
may modify GR nuclear localization through modulation of 
GR phosphorylation and furthermore through priming of GR 
functions within the nucleus by modifying GR or GR-
associated protein phosphorylation [96]. The combination of 
inhaled steroid and LABA is widely used treatment today. 
The interaction of formoterol and budesonide results in syn-
chronization of

 
the activity of the glucocorticoid receptor and 

C/EBP , which
 
in turn achieves an optimum antiproliferative 

action on smooth muscle cells [97]. Fluticasone and sal-
meterol synergistically decreased p-I B expression in asth-
matic T cells, limiting NF- B activation [98]. The same 
combination

 
can enhance GR nuclear translocation

 
in vivo, as 

well as in vitro [99]. Salmeterol and formoterol enhance glu-
cocorticoid-induced simple GRE-dependent transcription via 
the cAMP-dependent protein kinase (PKA) pathway in hu-
man bronchial epithelial cells [100]. Clinically, the addition 
of LABA to an inhaled steroid markedly improved lung 
function and asthma control compared to an increased dose 
of inhaled steroid, which could be explained by the en-
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hancement of GR function by LABA [101,102]. Thus, LA-
BAs act as steroid-sparing agents. 

 Theophylline suppresses the production of pro-inflam-
matory cytokines via inhibition of NF- B activation through 
preservation of the I B  protein in monocytes/macrophages 
and T cells [103-105]. Its effect may be mediated through 
attenuating transport of NF- B into nuclei, as well as DEX 
[106]. A low concentration of theophylline enhances GC 
actions, by increasing the recruitment of HDACs by GR, 
with increased activity [107], resulting in improved anti-
inflammatory actions. 

 The effect of a cysteinyl leukotriene receptor 1 
(cysLTR1) agonist on activation of NF- B has been re-
ported. Independently of cysLTR1 antagonism, micromolar 
concentrations of the leukotriene 1 receptor antagonist, pran-
lukast, suppress the production of proinflammatory cytokines 
via inhibition of NF- B activation in monocytes/ macro-
phages and T cells [108]. Pranlukast attenuates allergen-
induced TNF-  production by peripheral blood monocytes 
from atopic asthmatics concomitant with downregulation of 
NF- B, which is a distinct pathway from cysLTR1 antago-
nism [109]. LTD4 upregulates MUC2 gene transcription via 
a signaling pathway involving cysLTR1, G-protein, protein 
kinase C (PKC), mitogen-activated protein/extracellular sig-
nal-regulated kinase kinase (MEK), ERK and NF- B [110]. 
MUC2 is one of the mucin genes. Mucins protect the epithe-
lial surface by binding and trapping inhaled bacteria and 
viruses. In asthma, excessive mucus production is seen. A 
CysLTR1 agonist inhibits NF- B activation and MUC2 
mucin gene expression in epithelial cells [111]. These effects 
may partly explain the additive effect of pranlukast with GC 

[112,113]. Montelukast inhibits TNF- -stimulated IL-8 ex-
pression through changes in NF- B p65-associated HAT 
activity [114], demonstrating an anti-inflammatory effect. By 
attenuating inflammation, these drugs may potentiate steroid 
therapy. 

 Targeting kinases that are overexpressed or overactive in 
GC-R asthma should have therapeutic effects. Selective in-
hibitors of these kinase pathways can modulate the expres-
sion of numerous inflammatory mediators and adhesion 
molecules, and control T-cell, macrophage and epithelial cell 
function [115,116]. Inhibitors of p38 MAP kinase may prove 
to be useful novel therapies in the treatment of severe 
asthma, because they are capable of reducing both the syn-
thesis of pro-inflammatory cytokines and their signaling 
[117,118]. It is most likely

 
that PI3K inhibitors will be more 

efficacious in GC-R asthma where GCs are of limited effec-
tiveness and no alternative therapy is available [33]. Thera-
peutic inhibition of PI3K  may restore GC function in oxida-
tive stress-induced GC insensitivity [119].  

 Some of the transcription factors are candidates for new 
targets for therapy [120] Decoy oligonucleotides for AP-1 
[121] and NF- B [122] are also candidates for the treatment 
of GC-R asthma. Suppression of beneficial host responses is 
sometimes a dilemma when targeting NF- B for asthma 
therapy, since IFNs, which are crucial for the host defense 
against viral infections, are induced by viruses in an NF- B-
dependent manner. NF- B plays a central role in tissue 
and organ homeostasis, and its long-term general sup-
pression or overexpression would cause severe side 
effects. It is difficult to draw conclusions [123]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Extracellular and intracellular factors and pathways of GC-R asthma. GC acts through switching on the expression of anti-

inflammatory genes such as MKP-1 or switching off inflammatory genes through recruitment of co-repressor proteins and repression of the 

activity of pro-inflammatory transcription factors such as NF- B and AP-1. Inflammatory stimulation provokes activation of protein kinase 

pathways and transcription factors, resulting in attenuation of GR function and reduction of HDAC activity or recruitment.  
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 The concept that NF- B is pro-inflammatory has been 
accepted, and has focused mainly on the p50:p65 dimer. 
Anti-inflammatory actions of different subunits of NF- B, 
NF B1 (p50 and its precursor p105), are emerging. Enhanc-
ing the protective effects of (p50)2 may allow the develop-
ment of novel therapeutics for the future treatment of in-
flammatory diseases [124].  

CONCLUSION 

 The details of the genetic mechanism in GC-R asthma are 
not yet certain. The GR gene may be a candidate for a ge-
netic basis to GC resistance. Generalized GC resistance 
sometimes derives from mutations in GR [125,126], whereas 
GC resistance in asthma appears to be localized primarily in 
the lungs and certain circulating cells [127]. In most cases 
but not all, excessive inflammation driven by various factors 
might produce this tissue resistance to GC. Various factors 
induce GC resistance, some derive from a Th2 independent 
[128] or non-eosinophilic process, possibly meaning that the 
pathogenesis of GC-R asthma is not simply Th2-mediated, 
but a heterogeneous disease. 

 The intracellular mechanism of failure to respond well to 
steroid therapy in asthmatics may mostly result from reduced 
GR function by enhanced activation of AP-1 and NF- B and 
upstream kinase pathways, or reduced HDAC activity (Fig. 
1). The intensity of inflammation may explain the most fre-
quent clinical status that the resistance is relative, and pa-
tients often respond to high doses of GCs. Current drugs are 
sometimes useful to potentiate the GC response through their 
anti-inflammatory effects, not by their original effect. Novel 
therapeutic agents are also now targeting inflammatory 
pathways. 

 A better understanding of the inflammatory mechanisms 
of asthma may hasten the advent of new diagnostic tests and 
effective therapy for GC-R asthma. 
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