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Abstract

Endogenous glucocorticoids regulate a variety of physiologic processes and are crucial to the 

systemic stress response. Glucocorticoid receptors are expressed throughout the body, but there is 

considerable heterogeneity in glucocorticoid sensitivity and induced biological responses across 

tissues. The immunoregulatory properties of glucocorticoids are exploited in the clinic for the 

treatment of inflammatory and autoimmune disorders as well as certain hematological 

malignancies, but adverse side effects hamper prolonged use. Fully understanding the molecular 

events that shape the physiologic effects of glucocorticoid treatment will provide insight into 

optimal glucocorticoid treatments, reliable assessment of glucocorticoid sensitivity in patients, and 

may advance the development of novel GR agonists that exert immunosuppressive effects while 

avoiding harmful side effects. In this review, we provide an overview of mechanisms that affect 

glucocorticoid specificity and sensitivity in health and disease, focusing on the distinct isoforms of 

the glucocorticoid receptor and their unique regulatory and functional properties.
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A. Introduction

Members of the glucocorticoid family, or “corticosteroids,” have become a clinical mainstay 

for the treatment of numerous inflammatory and autoimmune disorders, with ~1% of adults 

in the UK treated with oral glucocorticoids at any given time [1], and an estimated total 

market size of $10 billion per year [2]. Although the immunoregulatory properties of 

glucocorticoids are commonly exploited for pharmaceutical use, endogenous glucocorticoids 
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play crucial roles in reestablishing homeostasis in response to physical or psychological 

stress. Moreover, glucocorticoids play important roles in the development and function of 

many organ systems including the cardiovascular system, central nervous system, immune 

system, and gastrointestinal system, and participate in nearly every cellular and molecular 

network. Microarray studies have revealed that a substantial portion of the genome is 

targeted by glucocorticoid signaling through its receptor, with some studies indicating that 

up to 20% of expressed genes are positively or negatively regulated by glucocorticoids [3]. 

Perhaps, it should not come as a surprise then that the clinical use of glucocorticoids - 

especially at high doses or for protracted periods of time - is hindered by adverse side 

effects, including metabolic disorders, osteoporosis, skin atrophy, cushingoid appearance, 

and growth retardation [2]. Additionally, the effectiveness of glucocorticoid treatment varies 

among individuals as a result of genetic polymorphisms and/or disease-related activity. 

Understanding the molecular mechanisms behind glucocorticoid signaling will provide 

important insight into strategies for: 1.) personalizing glucocorticoid therapies that maximize 

benefits while minimizing adverse effects, and 2.) developing novel selective glucocorticoid 

receptor agonists (“SERGRAs”) that exhibit immunosuppressive properties but minimal side 

effects.

B. Regulation of glucocorticoid synthesis and bioavailability

Glucocorticoids are hormones of the steroid family, which also includes the 

mineralocorticoids, androgens, estrogens, and progestagens. Steroid hormones are 

chemically similar and are based on a cyclopentanophenanthrene 4-ring structure. 

Biologically active steroids are generated from cholesterol through a multienzyme process 

termed steroidogenesis [4]. The class of steroid produced by distinct endocrine glands is 

determined by the combination of enzymes and cofactors expressed by the hormone-

producing cell. The key enzymes for glucocorticoid synthesis include 17 hydroxylase, 3β-

hydroxysteroid dehydrogenase, 21-hydroxylase, and 11β hydroxylase.

Glucocorticoids and the chemically similar mineralocorticoid (aldosterone) are products of 

the adrenal glands, and are synthesized in the zona fasciculata and the zona glomerulosa, 

respectively. In humans, the biologically active glucocorticoid is cortisol, whereas 

corticosterone is the principal mediator of glucocorticoid activity in rodents. Adrenal 

production of glucocorticoids is regulated by the hypothalamic-pituitary-adrenal (HPA) axis 

(Fig. 1). The hypothalamus responds to neural, cytokine, and endocrine signals by secreting 

corticotropin-releasing hormone (CRH) which stimulates adrenocorticotropic hormone 

(ACTH) release from the anterior pituitary [5]. ACTH induces glucocorticoid synthesis in 

the adrenal glands and subsequent secretion into the circulation, resulting in systemic 

effects. Notably, increases in circulating cortisol feed back on the hypothalamus and 

pituitary, reducing expression of CRH and ACTH, respectively. Thus, the HPA axis 

operates as a classic negative feedback loop (Fig. 1).

The HPA axis is linked to the circadian clock, thereby coupling glucocorticoid synthesis to 

diurnal patterns. In humans, blood cortisol concentrations peak in the morning, gradually 

decrease through the day, and are lowest at night. Oscillations in cortisol secretion are 

important to bodily processes associated with activity level, as evidenced by signs of 
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hypercortisolism in association with altered daily rhythms (resulting from shift work or 

trans-time zone travel, for example) [6]. Notably, nocturnal mice and rats, which are 

commonly used in glucocorticoid research, exhibit an inverse tempo in glucocorticoid 

profile, with peak plasma levels of corticosterone at night and decreased concentrations 

during the day. The HPA axis also functions as a component of the systemic stress system, 

coupling the detection of physical or emotional stress to glucocorticoid release. The HPA 

axis is also stimulated by pro-inflammatory cytokines, including IL-1, TNFα, IL-6, and the 

type I interferons (IFNα and IFNβ) [7], which are released in response to pathogens and/or 

tissue injury. Importantly, cytokine-induced release of cortisol blunts the subsequent 

inflammatory and immune response, completing a regulatory feedback loop. The importance 

of HPA regulation is highlighted by the clinical phenotypes associated with overproduction 

or underproduction of glucocorticoids, which manifest as Cushing’s syndrome and 

Addison’s disease (adrenal insufficiency), respectively.

Glucocorticoid synthesis plays an important role in the driving systemic cortisol effects, but 

cortisol activity and availability are also regulated post-secretion and often at the tissue or 

cellular level [8]. In healthy individuals, ~80–90% of circulating cortisol is bound to 

corticosteroid-binding globulin (CBG) and ~5–15% is bound to albumin, rendering cortisol 

in an inactive form; only ~5% of circulating cortisol is bioactive. Thus, the bioavailability of 

cortisol depends on CBG concentration, with relatively high levels of CBG serving as a 

buffer against cortisol surges. Glucocorticoid activity is regulated at the cellular level by 

enzymes of the 11β-hydroxysteroid dehydrogenase (11β-HSD) family. The two members of 

this family, 11β-HSD1 and 11β-HSD2, regulate the conversion of bioactive cortisol into the 

inactive precursor cortisone. Under physiologic conditions, 11β-HSD1 favors the conversion 

of cortisol from cortisone, thereby increasing local glucocorticoid activity beyond that 

dictated by circulating cortisol levels [9]. 11β-HSD2, in contrast, catalyzes cortisol to 

cortisone, thereby reducing glucocorticoid activity in cells expressing this enzyme. The 

expression of 11β-HSD2 is crucial to the proper function of mineralocorticoid-sensitive 

organs, including the kidneys and pancreas, since cortisol has the capacity to bind and 

activate the mineralocorticoid receptor; 11β-HSD2 enforces specificity of the 

mineralocorticoid receptor for aldosterone. Thus, the balance of 11β-HSD1 and 11β-HSD2 

expression regulates glucocorticoid activity at the single cell level, and a growing body of 

evidence indicates that 11β-HSD genes are targets of cytokine signals, with 11β-HSD1 

expression enhanced and 11β-HSD2 expression decreased at sites of inflammation [10, 11].

C. The glucocorticoid receptor

Glucocorticoid effects are mediated by the glucocorticoid receptor (GR), the founding 

member of the nuclear receptor superfamily. GR is a product of a single gene but multiple 

isoforms are generated through alternative splicing and alternate translation initiation sites. 

Moreover, the GR protein is a target for posttranslational modifications, including 

phosphorylation, sumoylation, ubiquitination, and acetylation, which alter GR function [12] 

(Fig. 2). A growing body of evidence indicates that the sensitivity and specificity of 

glucocorticoid signaling result, at least in part, from the molecular heterogeneity of GR 

proteins.
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The GR protein comprises three domains: an N-terminal transactivation domain (NTD), a 

central DNA-binding domain (DBD), and a C-terminal ligand-binding domain (LBD) (Fig. 

2)[13]. The NTD contains most sites for posttranslational modification and possesses one of 

two regions of activation function (AF1); this portion of the protein interacts with 

coregulators and the transcriptional machinery. The DBD, which is highly conserved across 

members of the nuclear receptor family, contains two zinc-finger motifs which target the 

glucocorticoid receptor to DNA. The LBD contains a hydrophobic pocket for glucocorticoid 

binding, and an AF2 domain for ligand-dependent interactions with coregulators. A flexible 

hinge region (H) separates the DBD and LBD. GR contains two nuclear localization signals, 

NL1 and NL2, which are situated at the DBD-H border and within the LBD, respectively.

1. Signaling through the glucocorticoid receptor

In the absence of ligand, GR predominantly localizes to the cytoplasm in a multiprotein 

complex with chaperones (hsp90, hsp70), members of the FK506 family of immunophilins 

(FKBP51 and FKBP52), and non-receptor tyrosine kinases including c-Src [14–16]. In this 

complex, GR is inactive as a transcription factor but exhibits high affinity for glucocorticoid 

ligands. Ligand binding to GR induces a conformational change that dissociates the 

multiprotein complex. The effects of ligand-induced dissociation of the GR multiprotein 

complex are two-fold: 1.) translocation of GR into the nucleus to exert genomic effects, and 

2.) liberation of components of the multiprotein complex that integrate into signaling 

pathways as rapid non-genomic effects (Fig. 3).

Nuclear translocation of GR results in genomic effects by enhancing or repressing target 

gene expression. Transactivation is a form of transcriptional regulation in which 

homodimers of ligand-bound GR bind to sequences of DNA called glucocorticoid-

responsive elements (GREs) (Fig. 3). The GRE consensus sequence is 

GGAACAnnnTGTTCT, an imperfect palindrome containing two half sites with a critical 

three basepair spacer. One subunit of each GR homodimer binds to each half-site. GREs can 

be found in the promoters, introns, or exons of target genes, and GR occupation recruits 

chromatin-remodeling complexes and coregulators that regulate transcription by RNA 

polymerase II [17–19]. Transcriptional regulation by GR is also mediated by coactivators, 

including the histone acetyltransferase CBP/p300, the nuclear methylase coactivator-

associated arginine methyltransferase, and steroid receptor coactivators. While GR-GRE 

interactions have been traditionally associated with gene activation, genome-wide analyses 

have revealed that GR binding to canonical GREs does not necessarily enhance gene 

transcription and, rather, can lead to suppression of many target genes [20]. Thus, the 

transcriptional polarity of GR-GRE binding likely depends on regulatory elements outside of 

the GRE. Recent studies have also revealed that GR can repress transcription by binding to 

negative glucocorticoid-responsive elements (nGREs) in target gene promoters [21] (Fig. 3).

This form of regulation occurs through two GR-ligand monomers binding to a nGRE, 

another palindromic sequence [consensus sequence: CTCC(n)0–2GGAGA] with a shorter 

and variable spacer of 0–2 basepairs [22]. Although GREs and nGREs are abundant in the 

genome, global GR recruitment assays reveal that, in any given cell, few GREs are actually 

occupied by GR [23]. Moreover, the distribution of GR binding to the genome differs 
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substantially across tissues, indicating that chromatin structure dictates which GREs are 

accessible to GR, contributing to the heterogeneity of cellular responses to glucocorticoids.

Activated GR also has the capacity to associate with or “tether” to another transcription 

factor bound to its DNA response element, thereby regulating its transcriptional activity. 

Notably, this form of gene regulation does not require GR to interact with DNA directly. In 

other cases, however, GR binds to DNA via a GRE while also associating with an adjacent 

DNA-bound transcription factor, affecting its transcriptional activity in a composite manner 

(Fig. 3). The most well-studied examples of these forms of regulation are GR-mediated 

repression of the pro-inflammatory transcription factors NF-κB and AP-1 [24]. Binding of 

GR to the p65 subunit of NF-κB suppresses induction of pro-inflammatory genes by 

multiple mechanisms, including interference with coactivators [25] and hindrance of 

transcriptional machinery [26]. GR also modulates the activity of certain members of the 

signal transducer and activator of transcription (STAT) family through tethering and 

composite regulation [27] (Fig. 3).

Additional studies have implicated nongenomic effects of GR activation in rapid cellular 

responses to glucocorticoids [28]. Nongenomic effects of glucocorticoids do not require 

protein synthesis, and occur within seconds to minutes of GR activation [29]. In thymocytes, 

for example, activated GR translocates to mitochondria and regulates apoptosis [30]. Recent 

studies have also indicated that a membrane-bound form of GR mediates non-genomic 

effects, modulating signaling through the T cell receptor [31] and regulating neural 

progenitor cell proliferation [32]. Binding of glucocorticoids to GR not only activates the 

receptor, but also liberates accessory proteins that participate in secondary signaling 

cascades. For example, when released from the GR complex, c-Src activates signaling 

cascades that inhibit phospholipase A2 activity, phosphorylate annexin 1, and impair the 

release of arachidonic acid [33, 34].

It has become a popular notion that the immunosuppressive effects of glucocorticoid 

treatment result from repression of pro-inflammatory genes, whereas adverse side effects 

stem from activation of genes that lead to pathology. Indeed, GR interacts with and 

suppresses several pro-inflammatory transcription factors, including NF-κB, AP-1, CREB, 

GATA-1, GATA-3, t-Bet, and Oct-1 [24, 27, 35–37], to exert immunoregulatory effects, 

whereas glucocorticoids activate genes involved in metabolism, such as phosphoenol 

pyruvate carboxykinase (a regulator of gluconeogenesis) and tyrosine aminotransferase 

(important to amino acid catabolism), that likely contribute to side effects, including 

diabetes mellitus. This strict delineation of repression vs. activation in describing 

glucocorticoid outcomes, however, is likely an oversimplification of the molecular 

mechanisms mediating the various effects of glucocorticoid treatment. Additional research is 

needed to dissect the differential contributions of gene activation and repression to the 

outcome of glucocorticoid-based therapies.

2. GR splice variants and translational isoforms

GR is encoded by the Nr3c1 gene which spans ~126 kb and contains 9 exons [38, 39]. Exon 

1 is not translated, the NTD is encoded by exon 2, the DBD by exons 3 and 4, and the hinge 

and LBD by exons 5 to 9. GR is expressed throughout the body, but research in recent 
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decades has revealed substantial diversity in the proteins produced from the single GR gene. 

Heterogeneity in GR proteins results from alternative splicing, of which 5 splice variants 

have been identified, and the presence of 8 translation initiation sites in the GR mRNA, 

yielding a combinatorial potential for 40 distinct isoforms of GR protein (Fig. 4). The 

specificity and sensitivity of various tissues to glucocorticoids likely reflects, to some 

degree, the profile of GR isoforms expressed by the constituent cells.

Full-length GRα is the classic mediator of the glucocorticoid effects described above, but 

four additional splice variants have been identified: GRβ, GRγ, GR-A, and GR-P. GRα is 

produced from a primary mRNA transcript in which the terminal end of exon 8 is joined to 

the beginning of exon 9 (Fig. 4). In contrast, GRβ is translated from a transcript in which 

exon 8 is spliced to a downstream sequence in exon 9 [40]. Although GRα and GRβ are 

identical through the N-terminal 727 amino acids, sequence divergence at the C-terminus 

imbues GRβ with distinct functions and properties. GRβ localizes constitutively to the 

nucleus and does not bind glucocorticoid agonists, although it has been reported to bind the 

partial GR antagonist RU-486 [41]. GRβ was originally identified as a dominant negative 

inhibitor of GRα [40, 42]; mechanisms implicated in GRβ inhibition of GRα include 

competition for GREs, interference with coregulators, and formation of inactive GRα/GRβ 

heterodimers [43, 44].

In most tissues and cell lines, GRβ is expressed at lower levels than GRα [45–47] although 

some cell types, including human neutrophils and certain epithelial cells, contain abundant 

GRβ [46, 48]. Proinflammatory cytokines and microbial superantigens enhance GRβ 

expression in mononuclear cells, an effect associated with glucocorticoid resistance [49, 50]. 

GRβ levels are also elevated in glucocorticoid-resistant cases of asthma [51], rheumatoid 

arthritis [52], ulcerative colitis [53], and systemic lupus erythematosus [54]. High GRβ 

expression is also associated with glucocorticoid resistance in acute lymphoblastic leukemia 

and chronic lymphocytic leukemia [55, 56]. Manipulating GRα/GRβ expression ratios, 

therefore, may provide a means to modulate glucocorticoid sensitivity. While traditionally 

thought of as a dominant-negative inhibitor of GRα, GRβ has recently been shown to exert 

transcriptional activity [41, 57, 58], enhancing and repressing a large cohort of genes, the 

majority of which are not targets of GRα. These findings suggest that GRα/GRβ expression 

ratios in tissues and cells are not only indicative of glucocorticoid sensitivity, but may also 

impact downstream regulation of genes.

The remaining GR splice variants, GRγ, GR-A, and GR-P, were discovered in 

glucocorticoid-resistant cancer cells, and later found to be expressed in healthy tissues. GRγ, 

first identified in cancer cells [59, 60] then characterized in blood mononuclear cells [61], 

results from splicing of the GR primary transcript from an alternative splice donor site in the 

intron separating exons 3 and 4, resulting in the insertion of a single arginine between the 

DNA-binding zinc fingers of the DBD [60] (Fig. 4). GRγ functions as transcription factor, 

but only exhibits ~50% of the activity of GRα for canonical glucocorticoid target genes [59, 

60]. GRγ expression in childhood acute lymphoblastic leukemia has been shown to correlate 

with resistance to dexamethasone treatment [62]. However, a recent study revealed that the 

arginine insertion of GRγ alters the affinity of the DBD for certain DNA sequences, 
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allowing GRγ to bind degenerate GREs in genes that are not targets of GRα [34]. Thus, GRγ 

expands the set of genes susceptible to regulation by glucocorticoids.

GR-A and GR-P were discovered in glucocorticoid-resistant multiple myeloma cells as GR 

isoforms that failed to bind glucocorticoid ligands [63]. GR-A transcripts lack exons 5–7, 

which encode the amino-terminal half of the LBD, as a result of mRNA splicing from exon 

4 to 8 (Fig. 4). Little is known, however, of GR-A’s biological functions. GR-P lacks the 

carboxy-terminal half of the LBD due to failed splicing at the exon 7/8 boundary (Fig. 4) 

[63]. GR-P is expressed in normal human tissues and regulates the transcriptional activity of 

GR-A, and is the predominant splice variant in many glucocorticoid-resistant cancers [64, 

65].

In addition to alternative splicing, alternative translation initiation sites further diversify the 

repertoire of potential GR proteins. Whereas alternative splicing affects the activity of the 

DBD and/or LBD, alternative translation initiation sites alter the NTD, which is important 

for interactions with cofactors and transcriptional machinery. Exon 2 of the GR mRNA 

contains 8 AUG start codons that are conserved across humans, monkeys, rats, and mice 

(Fig. 4). Thus, a single GRα mRNA transcript can generate eight GRα isoforms with 

progressively shorter NTDs: GRα-A, GRα-B, GRα-C1, GRα-C2, GRα-C3, GRα-D1, GRα-

D2, and GRα-D3 [12, 66]. All 8 translational isoforms have been identified for the GRα 

splice variant but mRNA transcripts for GRβ, GRγ, GR-A, and GR-P also contain the same 

array of alternative translation start sites, yielding 8 potential translational isoforms for each 

GR splice variant.

All GRα translational isoforms bind glucocorticoid ligands and interact with GREs [67], as 

expected by their intact DBDs and LBDs. However, transfection of individual GRα 

isoforms into cells has revealed isoform-specific gene sets as targets and distinct capacities 

to mediate glucocorticoid-induced cell death [16, 67]. In GRE-based reporter assays, the 

GRα-C3 isoform is the most transcriptionally active of GRα isoforms whereas the GRα-D 

isoforms are the least active [12]. Moreover, cells expressing GRα-C3 are most sensitive to 

dexamethasone-induced killing whereas those expressing the GRα-D3 isoform are relatively 

insensitive to glucocorticoid-induced death [67]. GRα-D does not repress NF-κB activity 

like other GRα isoforms and fails to inhibit the transcription of certain antiapoptotic genes 

[68], an effect likely mediated by the truncated NTD of GRα-D isoforms. Moreover, unlike 

GRα-A, -B, and -C isoforms that are chiefly found in the cytoplasm, unliganded GRα-D 

isoforms localize to the nucleus [67].

GRα translational isoforms are expressed throughout the body but the relative abundance of 

each isoform varies substantially across cell types, likely contributing to the tissue and cell-

specific effects of glucocorticoids. GRα-C isoforms, for example, are highly expressed in 

the pancreas, lung, and colon but are expressed at low levels in the liver [12, 67]. GRα-D 

isoforms, in contrast, are abundant in spleen and bladder, but are relatively scarce in the 

heart and pancreas. The profile of GR isoforms can also change with maturation or 

activation within a cell lineage. GRα-D isoforms dominate in immature dendritic cells but 

GRα-A is most abundant in mature dendritic cells, resulting in differential susceptibility to 

glucocorticoid-induced cell death [69].
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The discovery of multiple GR isoforms has advanced our understanding of the molecular 

mechanisms behind cell-specific glucocorticoid effects, the diversity of which is amplified 

by posttranslational modifications and the potential for GR isoforms to operate as 

monomers, homodimers, and heterodimers. In identifying the GR isoform profile of a tissue 

or cell type, it may become possible to predict glucocorticoid sensitivity as well as 

downstream physiological effects.

D. Glucocorticoids in the clinic: history and future

Synthetic glucocorticoids are widely used for the treatment of inflammatory and immune 

disorders, including rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus, 

inflammatory bowel disease, sarcoidosis, and nephrotic syndrome [70]. Glucocorticoids are 

applied locally to treat dermatitis, asthma, conjunctivitis, and other ophthamolgical 

disorders. High dose glucocorticoid administration is used for acute inflammatory events 

such as shock, brain edema, and graft-vs-host disease. The immunosuppressive properties of 

glucocorticoids are invoked following tissue transplantation to prevent organ rejection, 

whereas their lympholytic effects are exploited for the treatment of hematological 

malignancies, including leukemias, lymphomas, and myelomas.

Despite the efficacy of glucocorticoids in the treatment of inflammatory and immune 

disorders, their utility is limited by harmful side effects of prolonged and/or high dose 

treatment [2]. These side effects include diabetes, impaired wound healing, skin atrophy, 

muscle atrophy, susceptibility to infection, activation of latent infections, HPA dysfunction, 

cataracts, peptic ulcers, hypertension, metabolic syndrome, osteoporosis, and water/

electrolyte imbalance. Much effort has been dedicated over the last several decades to 

enhance glucocorticoid potency while minimizing adverse side effects by modifying the 

chemical structure of the natural glucocorticoid cortisol (hydrocortisone). As the molecular 

details of glucocorticoid signaling have been unveiled, novel strategies to optimize 

glucocorticoid-based therapies have evolved. Manipulation of GRα and GRβ expression also 

holds promise for sensitizing cells to glucocorticoid effects. Methotrexate, for example, 

increases the GRα/GRβ ratio in blood mononuclear cells [71], and methotrexate treatment of 

glucocorticoid-resistant asthma patients sensitizes their circulating T cells to glucocorticoid-

induced inhibition [72]. Recent studies in animals have revealed sexual dimorphism in the 

immunoregulatory effects of glucocorticoids, with dexamethasone inducing stronger anti-

inflammatory responses in male rats than in females [73], suggesting that glucocorticoid 

dosing should take gender in account [74].

As mentioned above, the observation that many immunoregulatory properties of 

glucocorticoids are mediated by gene repression and harmful side effects by gene activation 

has prompted the search for synthetic GR ligands that induce GR-protein interactions but not 

GR-DNA binding. Clinical enthusiasm for such GR agonists, referred to as selective 

glucocorticoid receptor agonists (SERGRAs) or dissociated glucocorticoid receptor agonists 

(DIGRAs), is based on the observation that a mutated GR with altered DNA-binding 

capacity (and thus transactivation activity) can still repress inflammation by binding to and 

inhibiting proinflammatory transcription factors [75, 76]. Using rational drug design, 

pharmaceutical companies have pursued SEGRAs by modifying known GR ligands in an 
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effort to identify agonists that bind GR and induce conformational changes in the receptor 

that favor immunosuppressive GR-protein interactions over GR-DNA binding. SEGRAs 

have shown promise in in vitro and animal models of inflammation, and several are 

currently in clinical trials [77].

An important challenge in the clinical application of glucocorticoids is the considerable 

heterogeneity in glucocorticoid responsiveness among individuals, with a substantial portion 

of the population (up to 30% according to some reports) exhibiting some degree of 

glucocorticoid resistance [78]. Our expanding knowledge of glucocorticoid signaling has 

shed light on several potential mechanisms for glucocorticoid resistance, including genetic 

polymorphisms in the gene encoding GR [79, 80], and effects of proinflammatory signals on 

GR isoform expression [81]. Tailored glucocorticoid therapies based on empirical 

assessment of glucocorticoid sensitivity will allow for individual treatment plans that 

optimize glucocorticoid benefits while minimizing adverse side effects.

Summary

Endogenous and exogenous glucocorticoids are potent regulators of inflammatory and 

immune processes, but glucocorticoid-based therapies are hampered by adverse side effects 

and the variability in glucocorticoid responsiveness among individuals. Elucidating the 

pathways of glucocorticoid signaling has begun to reveal the molecular basis for differential 

glucocorticoid sensitivity and biological effects, at the tissue level as well as among 

individuals. The traditional view that circulating glucocorticoid concentrations drive 

physiologic responses through a single GR protein has been upended by the discovery of 

diverse GR isoforms. The ongoing characterization of GR isoforms, each exhibiting distinct 

regulatory and functional profiles, has provided a mechanistic explanation for tissue-specific 

responses to glucocorticoids. Moreover, altered expression of GR isoforms has been 

associated with glucocorticoid resistance in the contexts of both inflammation and cancer. 

Thus, a thorough profiling of GR isoforms in bodily tissues may shed light on glucocorticoid 

sensitivity on a tissue-by-tissue basis. Moreover, identifying disease-related factors that alter 

GR isoform expression may allow for fine-tuning of glucocorticoid-based therapies. While 

some mysteries surrounding glucocorticoid sensitivity and specificity have begun to unravel, 

more research is needed to advance the development of optimal glucocorticoid treatments.
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Abbreviations

11β-HSD 11β-hydroxysteroid dehydrogenase

ACTH adrenocorticotropic hormone

AF activation function

CRH corticotropin-releasing hormone
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DBD DNA-binding domain

GR glucocorticoid receptor

GRE glucocorticoid-responsive element

HPA hypothalamic-pituitary-adrenal

LBD ligand-binding domain

NL nuclear localization

NTD N-terminal transactivation domain
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Practice Points

• At the cellular level, glucocorticoid sensitivity and specificity is influenced by 

the expression profile of GR isoforms.

• Inflammatory and pathological processes modulate cellular GR isoform profiles, 

altering their sensitivity to glucocorticoids.

• Monitoring and/or assessing glucocorticoid sensitivity in individual patients is 

important for an optimal glucocorticoid treatment plan.
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Research agenda

• Determination of genomic and non-genomic effects of individual GR isoforms 

will facilitate predictions of glucocorticoid sensitivity and effects based on cell-

specific GR isoform profile.

• Identification and characterization of novel GR agonists that exert anti-

inflammatory and immunosuppressive effects with minimal side effects will 

advance glucocorticoid therapies in the clinic.

Cain and Cidlowski Page 16

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Regulation of endogenous glucocorticoid synthesis by the hypothalamic-pituitary-adrenal 

axis in humans. CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic 

hormone.
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Figure 2. 
GR structural domains and sites of posttranslational modification. Numbers indicate position 

of amino acid residues in human GR. The N-terminal transactivation domain (NTD), DNA-

binding domain (DBD), hinge region (H), and ligand-binding domain (LBD) for GR are 

shown. Regions associated with transactivation (AF1 and AF2), receptor dimerization, and 

nuclear localization are shown by red bars. Also shown are residues subject to translational 

modification by phosphorylation (P), sumoylation (S), ubiquitination (U), and acetylation 

(A).

Cain and Cidlowski Page 18

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Pathways of glucocorticoid signaling through the GR. GR ligands induce biological changes 

by binding the GR and inducing genomic and non-genomic effects. Genomic effects of 

activated GR occur following nuclear translocation and manifest through 3 primary 

mechanisms: direct binding of GR to DNA via GREs and nGREs to activate or repress 

transcription (A), tethering to DNA-bound transcription factors to modulate transcription 

indirectly (B), or composite activity of DNA binding and interaction with adjacent DNA-

bound transcription factors to affect transcription (C). Rapid non-genomic effects of GR 

ligation occur following ligand-induced dissociation of the GR multiprotein complex in the 

cytoplasm. BTM, basal transcription machinery.
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Figure 4. 
Generation of diverse GR isoforms by alternative splicing and translation initiation sites. 

Multiple GR isoforms with distinct signaling properties are generated from a single GR 

primary transcript. Five splice variants (GRα, GRβ, GRγ, GR-A, and GR-P) with 8 potential 

translational isoforms (A, B, C1, C2, C3, D1, D2, and D3) for each splice variant have been 

identified.
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