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Glucocorticoids (GCs) are steroid hormones that regulate the physiology of all mammalian tissues throughout life due to
their diverse roles in development, growth, metabolism, and inflammation. In response to physiological cues and
stressors, the hypothalamic-pituitary-adrenal (HPA) axis coordinates the systemic production and secretion of GCs from
the adrenal glands in a circadian and stress-related manner to maintain tissue homeostasis. In turn, GCs mediate
negative feed-back inhibiting secretion of the hypothalamic corticotropin-releasing hormone (CRH) and the
adrenocorticotropic hormone (ACTH), limiting GC production.
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| 1. Introduction

Glucocorticoids (GCs) are steroid hormones that regulate the physiology of all mammalian tissues throughout life due to
their diverse roles in development, growth, metabolism, and inflammation 2EI4! | response to physiological cues and
stressors, the hypothalamic-pituitary-adrenal (HPA) axis coordinates the systemic production and secretion of GCs from
the adrenal glands in a circadian and stress-related manner to maintain tissue homeostasis. In turn, GCs mediate
negative feed-back inhibiting secretion of the hypothalamic corticotropin-releasing hormone (CRH) and the
adrenocorticotropic hormone (ACTH), limiting GC production.

The homeostatic control exerted by the HPA axis fits with an inverted U-shaped dose-response curve, where the
equilibrium is achieved in the central range of the curve (optimal) while both GC excess or deficiency occur on either side
of the curve (suboptimal effects) 258, The disruption of this central HPA axis, due to pathophysiological triggers such as
chronic stress, inflammation, or by prolonged exogenous GC treatments, results in abnormal endogenous GC levels.
These GC imbalances contribute to disease and disease susceptibility in tissue-specific manners and with variable
degrees of severity, by mechanisms that are not completely deciphered. Besides the adrenal GC production, certain
tissues such as the thymus, intestine, brain, and skin, express functional equivalents of the HPA axis that allow for GC
synthesis de novo I8, This local GC production is increasingly recognized as a mechanism mediating rapid and critical
control of immune activation [,

Synthetic GCs are commonly prescribed to treat chronic inflammatory conditions including respiratory, autoimmune, and
cutaneous diseases, as well as cancers of the hematopoietic lineage, mostly leukaemias 9. The increasing number of
GC-based prescriptions (around 3% of EU population uses GCs annually) LU represents a high economic burden for
health care systems, with demands rising as geriatric population and chronic diseases increase. However, despite their
efficacy, long-term treatments and/or high doses with GCs trigger adverse effects, impacting metabolism (obesity,
diabetes, and osteoporosis), and increasing susceptibility to stress and infections 192 Another important limitation in the
management of inflammatory diseases is resistance to GCs due to the lack of response or loss of efficacy over time [El[13]
(141151 The degrees of GC insensitivity are variable and highly dependent on the disease; for instance, while almost all
patients with chronic obstructive pulmonary disease (COPD) and sepsis experience GC resistance, percentages are
variable in patients with rheumatoid arthritis (30%), primary acute lymphoblastic leukaemia (ALL) (10-30%), or asthma
(4-10%) (€,

Both endogenous and pharmacological GCs act through a dual system formed by the corticosteroid receptors GC
receptor (GR/NR3C1) and mineralocorticoid receptor (MR/NR3C2), structurally and functionally close members of the
nuclear receptor (NR) subclass NR3C that, upon hormone binding, act as ligand-activated transcription factors (TFs) 18
[17I18][A9]120] \while GR is ubiquitously expressed and almost exclusively activated by GCs, MR expression pattern is more
restricted and can bind GCs and the mineralocorticoid aldosterone with similar high affinity. In tissues where GR and MR
co-express, the selective activation of these TFs is achieved by pre-receptor mechanisms that modulate the local



availability of active GCs. The enzymes 11B-hydroxysteroid dehydrogenase (HSD11B) type | and Il, which catalyse the
interconversion between active (cortisol) and inactive (cortisone) forms, represent a major regulatory mechanism for
receptor selectivity [121[211122],

| 2. Structure and Function of the Glucocorticoid Receptor (GR)

The oligomerization of GR is still a matter of intense debate [23l24] |t has been observed that several of the GR domains
contribute to self-association critical for functionality. Both the DBD ( Figure 1 C) and LBD ( Figure 1 D-F) domains
dimerize and their crystal structures have been solved 22, Despite common acceptance of DBD dimerization, LBD
oligomerization is still debated with several models based on experimental structural data using X-ray crystallography and
complimentary in silico methods 28], Additionally, recent data in living cells obtained using the number and brightness
technique have shown that the oligomeric state of GR bound to DNA may exhibit a more complex scenario where a
monomer to dimer to tetramer transition is likely to occur &2, To date, no detailed structural information is available either
by X-ray crystallography or electron microscopy (EM) for full-length GR. However, recent EM data reported for the related
androgen and oestrogen receptors may allow us to speculate that GR full length structure may resemble that of AR
considering the higher degree of conservation of residues 28, Furthermore, EM data have recently been published
depicting how chaperones recognize the LBD of GR [22],
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Figure 1. Glucocorticoid receptor (GR) isoforms: domain organization and crystal structures. (A) Schematic
representation of NR3C1/GR gene organization. A unigue gene gives rise to several isoforms through alternative splicing
(B) and/or alternative transcription initiation. The exons encoding for the modular domains: N-terminal domain (NTD),
DNA-binding domain (DBD), and ligand-binding domain (LBD), are indicated; exon 9 encodes the two alternative C-
termini of the LBD in GRa and GRp. (B) Schematic representation of GR isoforms domain organization generated by
alternative splicing. hGRa modular domains include the intrinsically disordered NTD harboring the ligand-independent
activation function (AF)-1; the DBD, the most conserved along the nuclear receptor superfamily; a poorly conserved hinge
region (h); and the LBD displaying the surface-exposed co-regulator AF-2 groove. The five splice variants GRa, GR[,
GRy, GR-A, and GR-P are shown; insertion/deletions are indicated by black arrowheads. (C) Crystal structure of the GR-
DBD dimer bound to DNA shown in grey cartoon (PDB code 5CBX). This domain can dimerize on (+)GRE to activate
transcription. Residues implicated in glucocorticoid (GC) resistance are shown (V423, R469, R477, F478) in purple as
sticks and surface. The zinc ions are shown as grey spheres. (D) Cartoon representation of the three-dimensional
secondary structure of the GR-LBD monomer (PDB code 5UFS) and surface. The domain is depicted in standard
orientation (i.e., with helices (H)1 and H3 displayed in the forefront and the AF-2 pocket, lined by H3, H5 and H12 on the
left hand-side). The ligand is shown as salmon spheres and the co-regulator peptide (CoR) is shown in cyan. (E) Crystal
structure of the first GR-LBD dimer reported (PDB code 1M2Z). The ligand is shown as salmon-coloured spheres and
CoR is shown in cyan. Residues implicated in GC resistance are highlighted in purple (T556, 1559, V571, V575, L595,



D641, Y660, L672, G679, R714, H726, V729, F737, 1747, 1757, L773). (F) Crystal structure of a GR-LBD dimer reported
(PDB code 5UFS) displaying a different self-recognition pose than in (E). The ligand is shown as salmon spheres and
CoR is shown in cyan. Residues implicated in GC resistance (T556, 1559, V571, V575, L595, D641, Y660, L672, G679,
R714, H726, V729, F737, 1747, 1757, L773) are highlighted in purple. (G) Close-up of the ligand-binding pocket of GR
occupied by the ligand dexamethasone shown in grey spheres and salmon sticks. Residues implicated in GC resistance
contacting the ligand (T556, 1559, V571, V729, F737, 1747, 1757) and lining the LBP are shown in purple.

Upon ligand binding, GR dissociates from cytoplasmic heterocomplexes that include chaperones (HSP90, HSP70, and
p23) and immunophilins (FKBP51 and FKBP52), undergoes PTMs, and translocates to the nucleus to regulate gene
expression 419 The GC-induced response is normally terminated by the autologous downregulation of GR following
protein phosphorylation and subsequent ubiquitination through a PEST motif (rich in proline [P], glutamic acid [E], serine
[S], and threonine [T]) in its C-terminus B9, |n a given cell type, the selective interactions of GR with TFs, co-regulators
and/or chromatin modifying proteins determine receptor functionality L8IBABLIS2] This in part explains why different cell
types vary in GR genomic binding and transcriptomic profile despite the ubiquitous expression of GR 231134,

It is well established that GR anti-inflammatory properties rely on both DNA-binding—dependent and —independent
receptor functions [B3IB5I86]. GR activates transcription of anti-inflammatory genes such as glucocorticoid induced leucine
zipper ( GILZ/TSC22D3 ) by binding to GRESs in regulatory regions, and represses expression of pro-inflammatory genes
such as ll11-B by binding negative (nN)GRES, preventing the assembly of an active transcription complex. GR binding has
also been reported at inverted repeat (IR) nGREs, unrelated to classical GREs B8I37. Also, the expression of
inflammatory genes can be suppressed by the recruitment of histone deacetylases (HDAC) to acetylated GR complexes
bound to GREs.

On the other hand, GR can regulate gene expression through protein—protein interactions (or tethering) to pro-
inflammatory TFs (typically NF- kB or AP-1) bound to their respective DNA binding sites by a mechanism known as
transrepression MEB3E8, GR PTMs such as SUMOylation are required for GR-mediated inhibition of inflammatory genes
via repression of IR nGRE genes as well as transrepression of NF-kB /AP-1-dependent transcription 1918l Besides their
classic anti- inflammatory actions, GCs can also act as pro-inflammatory mediators, and even exert dual roles depending
on the pathophysiological context 28], Indeed, transcriptomic and cistromic studies have revealed that GR co-recruitment
with key inflammatory TFs such as AP-1, NF-kB, or STATS, results in enhanced transcription at a subset of co-regulated
targets 23l Among the extensive crosstalk between GR and other signalling pathways, this review is focused on the
mutual interference of GR with the mitogen-activated protein kinases (MAPKS).

3. Mutual Interference between GR and Mitogen-Activated Protein Kinases
(MAPKSs)

MAPKSs are serine-threonine protein kinases that act as the meeting point for multiple upstream signalling pathways
representing the final step of a phosphorylation cascade known as the MAPK module. In response to pleiotropic signals,
including those from inflammatory cytokines, MAPKs dissociate from the MAPK module and can translocate to the
nucleus to target TFs such as AP-1 and NF-kB or phosphorylate downstream protein kinases or other substrates to
regulate gene expression B940 ( Figure 2 ). Therefore, these kinases are critical in regulating inflammation although they
also play key roles in regulating cell growth, apoptosis, and differentiation. In mammals, the MAPK family comprises
extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK), and p38 MAPKs (40,
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Figure 2. Mitogen-activated protein kinase (MAPK) signaling cascades and their inhibition by GR. MAPKs connect

extracellular signaling with modulation of gene expression. In response to diverse stimuli, the kinases participating in the
MAPK cascade phosphorylate and activate downstream kinases or other substrates including transcription factors. MAPK
kinase kinases kinases (MKKKs) act on MAPK kinase kinases (MKKSs) that specifically phosphorylate members of the
MAPK JNK, p38, and ERK subfamilies which then signal downstream to regulate transcription of target genes dependent
on AP-1 dimers (CREB/c-JUN) bound to AP-1 response elements. Ligand-bound GR negatively regulates MAPKs either
by direct interference, as shown for JNK, or by regulating the expression of anti-inflammatory genes such as the MAPK
phosphatase DUSP1 or Glucocorticoid-induced leucine zipper (GILZ/TSC22D3). GILZ can also interact with proteins of
the MAPK cascade to inhibit downstream activation of MKK1/2 and ERK. Green arrows and red blunt-ended lines indicate
induction and inhibition, respectively. Dotted lines mark attenuated inhibition. Black arrows refer to the proteins encoded
by GC-activated GR transcriptional targets DUSP1 and TSC22D3/GILZ.

The ERK subfamily includes five members, among which ERK1 and ERK2 are the most extensively studied, being critical
effectors of cell proliferation in response to growth factors. JNK family includes up to ten isoforms generated by alternative
splicing from three genes ( Jnk 1-3). Importantly, JNK-mediated phosphorylation of the AP-1 component c-JUN is critical
for AP-1-dependent transcription. The subgroup of p38 MAPK includes four isoforms (a, B, y, 8), with different degrees of
involvement in inflammatory disorders.

Within the MAPK module, MAPKs are activated by upstream specific kinases known as MAPK kinases, MKKs or
MAP2Ks, through phosphorylation on tyrosine and threonine residues, which in turn are activated by MAPK kinase
kinases, known as MKKKs or MAP3Ks, whose activation is triggered by several signals involving RAS GTPases. Specific
combinations of scaffold proteins/MKKK/MKK/MAPK allow for specific cellular responses for diverse upstream events
towards effector proteins. Each MKK isoform acts specifically onto downstream MAPKs. MKK1 and MKK2, MKK4 and
MKK7, and MKK3, MKK4, and MKK®6 activate ERK, JNK and p38 MAPK, respectively ( Figure 2 ).

MAPK activities can be inhibited by dual-specificity phosphatases (DUSPs or MAPK phosphatases MKP). Among them,
DUSP1/MKP1 has a key role as a crucial anti-inflammatory mediator and gatekeeper of the immune response by
dephosphorylating and targeting preferentially, but not exclusively, JINK and p38 MAPK 142 However, under certain
settings, the JNK/c-JUN pathway can also transcriptionally up-regulate DUSP1 to limit the expression of inflammatory
genes, representing an important feedback regulatory loop 43144145][461[47] ( Figure 2 ).

| 4. GC Resistance due to the Crosstalk between GR and MAPK Signalling

In peripheral blood mononuclear cells (PBMCs) from severe asthmatic patients, GC-resistance correlates with higher
levels of pro-inflammatory cytokines as well as increased expression and activity of the p38 a and (3 isoforms, relative to
GC-responsive individuals EIl1348] The increased levels of cytokines in alveolar macrophages from asthmatic patients
with reduced GC sensitivity result in the inhibition of GR function through its phosphorylation via p38a as well as the
decreased induction of DUSP1 by GCs 349 These findings are consistent with experimental models using
macrophages from Duspl KO mice where the anti-inflammatory responses to GCs were reduced in vitro due to
attenuated effects on gene expression and, as DUSP1 inactivates p38, as a consequence of increased p38 activation 9.



GCs also exert their anti-inflammatory effects by inhibiting the activity of phospholipases A2 (PLA2), which regulate the
production of arachidonic acid, a precursor of lipid inflammatory mediators, playing important roles in many inflammatory
diseases 21l The reduced response to GCs in respiratory disorders such as acute lung injury may be due to reduced GR
binding to cortisol and/or GRa overexpression, resulting in excessive activation of the MAPK cascade and insufficient
regulation of downstream PLA2 pathway, therefore accentuating the pathologic response 22,

Many autoimmune diseases such as rheumatoid arthritis and inflammatory bowel diseases (IBD) show reduced
effectiveness to routine treatments with GCs [231[54],

The mechanisms underlying GC resistance in IBDs include high levels of TNFa, IL-6, and IL-8, and low IL-10 levels, in
steroid-resistant relative to sensitive patients, with activation of the MAPK/AP-1 and NF-kB pathways. MIF is also
implicated in the pathogenesis of ulcerative colitis through activation of pro-inflammatory cytokines and subsequent anti-
steroid effects B2I56]. As most cytokines are targets of major pro-inflammatory associated TFs, this scenario constitutes an
auto-amplification loop for GC-resistance.
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