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 Abstract 

 

Glucocorticoids are belong the most successful therapies in the treatment of chronic inflammatory and 

autoimmune diseases. Their efficacy seems to be caused by the interference of the ligand-activated 

glucocorticoid receptor with many pro-inflammatory pathways via different mechanisms. The 

ubiquitous expression of the glucocorticoid receptor is a prerequisite for efficacy. Their main 

drawback, however, is due to their potential to induce adverse effects, in particular upon high dosage 

and prolonged usage. For the purpose reducing systemic side effects, topical glucocorticoids that act 

locally have been developed. Nevertheless, undesirable cutaneous effects such as skin atrophy persist 

from the use of topical glucocorticoids. Therefore a high medical need exists for drugs as effective as 

glucocorticoids but with a reduced side effect profile. Glucocorticoids function by binding to and 

activating the glucocorticoid receptor which positively or negatively regulates the expression of 

specific genes. Several experiments suggest that negative regulation of gene expression by the 

glucocorticoid receptor accounts for its anti-inflammatory action. This occurs through direct or 

indirect binding of the receptor to pro-inflammatory transcription factors that are already bound to 

their regulatory sites. The positive action of the receptor occurs through homodimer binding of the 

ligand receptor complex to discrete nucleotide sequences and this contributes to some of the adverse 

effects of the hormone. Glucocorticoid receptor ligands that promote the negative regulatory action of 

the receptor with reduced positive regulatory function should therefore show an improved therapeutic 

index. A complete separation of the positive from the negative regulatory activities of the receptor has 

so far not been possible because of the interdependent nature of the two regulatory processes. 

Nevertheless, recent understanding of the molecular mechanisms of the GR has triggered several drug 

discovery programs and these have led to the identification of dissociated GR-ligands. Such selective 

GR agonists (SEGRAs) are likely to enter clinical testing soon.  
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Introduction 

 
Glucocorticoids (GCs) are among the most effective therapies in the treatment of acute and chronic 

inflammatory, as well as autoimmune diseases. They have been applied successfully in a clinical 

setting for more than half a century. The era of GCs began with the discovery that the adrenal 

hormone, cortisol, was able to reverse the symptoms and dysfunctions associated with Addison 

disease (Mason et al., 1936, Mason et al., 1936 A). After observing high efficacy in the treatment of 

rheumatoid arthritis (RA) when cortisol was administered pharmacologically (Hench et al., 1949, 

Hench et al., 1950), a tremendous development of systemic and topical GCs for use in several 

therapeutic fields was initiated. Early on, interest in more potent compounds was high and 

consequently such compounds were synthesized. With the application of highly potent GCs, especially 

over long times, however, undesired effects became more apparent. A number of these effects such as 

osteoporosis, diabetes, Cushing’s syndrome, glaucoma and muscle atrophy are severe and sometimes 

irreversible (Schäcke et al., 2002, Miner et al., 2005). The incidence of side effects depends on the 

potency of the used GC, the administration route, the indication, and the individual treated. Some 

indications such as dermatologic diseases or asthma have also been found to be treatable by topical 

administration. This application route has the advantage of strongly reducing systemic side effects.  

Chemical optimization of compounds has been done either to improve activity, or to identify prodrugs 

that overcome suboptimal physicochemical properties of the active compound to enhance its 

availability. GCs with  a predictable and rapid metabolism into inactive metabolites after exerting of 

pharmacologic effects at the site of disease are classified as soft drugs (Bodor and Buchwald, 2006).  

GCs that follow the prodrug and the soft drug principle have been designed. They are activated locally 

by enzymes in lung (e.g. ciclesonide, butixocort 21-propionate) or in skin (methylprednisolone 

aceponate) and show a low systemic exposure. These GCs locally inhibit pro-inflammatory cytokines 

and chemokines at the site of administration potently, whereas they elicit only limited systemic effects 

(O’Connel, 2003; Welker et al, 1996, Günther et al., 1998).  

Although topical GCs are successfully used to treat several inflammatory respiratory and cutaneous 

diseases, their major limitation remains the local side effects they can cause. Furthermore, severe 

disease exacerbations cannot be treated efficiently with compounds that work locally only. In such 

situations, systemic treatment is mandatory, for example in bullous skin diseases and severe asthma. In 

dermatologic indication especially the main draw back of topical GCs is the development of skin 

atrophy after long-term use (Mills and Marks, 1993, Hengge et al., 2006). 

Therefore, there is a great medical need for GC-like compounds that possess both an anti-

inflammatory / immunomodulatory activity similar to the marketed GCs and a reduced risk of 

undesired effects. 
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In the past, different approaches to develop novel GCs or GC-substituting compounds with an 

improved effect / side effect ratio have been pursued. Besides optimization towards local 

administration several other strategies have been developed. First, optimization of formulation for 

systemic treatment leading to a more targeted release of the drug has been followed by some groups, 

e.g. by using liposomes encapsulating steroids for the treatment of rheumatoid arthritis (I). Second, 

introducing nitric oxide (NO) into the steroid scaffold was established to enhance anti-inflammatory 

activity without increasing the dose or potency of the steroid (II). However, one of the broadest and 

most promising approaches of the last 10 years is based on optimized GR-ligands which should 

address the molecular mechanisms of GR in a very specific way (III). 

(I) The search for novel formulations was not only restricted to locally administered compounds, but 

also to GCs that are used for systemic treatments. One example is the encapsulation of prednisolone or 

dexamethasone in liposomes, e.g. PEG liposomes. In animal studies, pharmacodynamic and 

pharmacokinetic experiments demonstrated a prolonged and more targeted availability of the drug in 

comparison to the drug given without liposoms (Metselaar et al., 2004, Chono et al., 2005, Teshima et 

al., 2006). The high affinity of PEG liposomes for macrophages in inflamed tissues makes them 

attractive GC encapsulation agents. The macrophages do not serve as target cells only, but also play a 

crucial role in the release of GCs from liposomes and the generation of relatively high and prolonged 

concentration of active drug in the synovium. Especially in indications such as rheumatoid arthritis 

and atherosclerosis this administration form might lead to increased activity of the drug.  

(II) A second approach to improve the ratio of desired to undesired effects was to combine chemically 

a known steroidal GR-ligand with NO, leading to e.g. nitroxy derivatives of prednisolone. The 

company, NicOx S.A, tested NCX-1015 (NO prednisolone) (Fig. 1) and NCX-1022 (NO 

hydrocortisone) (Fig. 1) in animal experiments regarding their anti-inflammatory activity (Hyun et al., 

2004, Doggrell 2005). With NCX-1022 a phase II study including 40 patients with seborrheic 

dermatitis has been performed with promising results regarding efficacy and tolerability of the drug in 

topical application (NicOx S.A:, Media Release,: 29 April 2004. Available from: 

URL:http://www.nicox.com. Media release). With NCX-1015 a phase I study for indication 

Inflammatory Bowel Disease has been conducted also showing a good local tolerability and no 

systemic absorption (NicOx S.A., Press release, 14 February 2002, Available from. 

URL:http://www.nicox.com).  

(III) Major efforts have been made and promising pre-clinical results have been achieved in the search 

for GR-ligands that trigger molecular mechanisms of the GR very selectively, with the goal of 

reducing the risk for side effects while maintaining the therapeutic efficacy of known GCs. To 

summarize the progress made with this approach we will give a very rough and brief overview on 

mechanisms of the GR and the working hypothesis used by a number of pharmaceutical companies to 

search for improved GR-ligands. 
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Glucocorticoid receptor and its molecular actions 

 
The receptor of GCs, the GR, is expressed ubiquitously. In its inactive form the receptor is located in 

the cytoplasm of cells, associated with molecular chaperones and immunophilins. After binding of the 

ligand to the GR, it dissociates from this complex and is transported into the nucleus to modulate the 

expression of specific genes. However, not all chaperones and co-chaperones dissociate; some of them 

are transported with the receptor into the nucleus (Morimoto, 2002). Although it has been shown that 

they modulate the action of the receptor, their biological significance is still unclear.  

Similar to other nuclear receptors, the GR consists structurally of a C-terminal ligand binding domain 

(LBD), a DNA binding domain with a dimerization interface in the center of the molecule and two 

transcription activation domains, AF-1 and AF-2 (Wärnmark et al., 2003). In the ligand-activated 

state, the receptor modulates gene expression either positively (transactivation) or negatively 

(transrepression).  

 

Transactivation 

Positive regulation of gene expression by the GR has been shown to be mainly mediated by direct 

binding of receptor homodimers to specific sequences (glucocorticoid responsive elements (GREs)) in 

promoter or enhancer regions of GC target genes. Three different types of GREs, simple, composite, 

or tethering are known (Lefstin and Yamamoto, 1998), suggesting differences in the molecular 

mechanisms required for the respective types of GREs. Activation of gene transcription by the GR via 

simple and composite GREs is dependent on binding of the activated GR homodimer to DNA directly. 

At tethering GREs, the GR  binds to other DNA-bound transcription factors such as STAT5 to 

increase transcription activity. The introduction of a point mutation in the dimerization domain of the 

GR was used to demonstrate in vitro that dimerization of the GR is a prerequisite for transactivation 

function (Heck et al., 1994). In mice carrying a dimerization-deficient GR the induction of several 

liver specific genes was strongly reduced (Reichardt et al., 1998). Transactivation of many but not all 

GC-regulated genes is dependent on dimerization of the GR. A screen to determine different sets of 

primary GR targets has shown that a large number is still transactivated even in the presence of the 

dimerization mutant. This indicates that other mechanisms of activation occur, possibly through the 

AF-1 and AF-2 domains of the receptor (Rogatsky et al., 2003). 

 

Transrepression 

Negative regulation by the GR (transrepression) occurs via different mechanisms. Well described is a 

regulation via negative GREs that differ in structure and function from positive GREs (Dostert and 

Heinzel, 2004). Such elements can be found at different positions in promoter regions. They interfere 

either with binding sites of other transcription factors, as shown in the promoter of the pro-

opiomelanocortin (POMC) gene (Philips et al., 1997), or with the binding site of the basal 

transcription initiation complex, as described for the osteocalcin promoter (Meyer et al., 1997). 
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Interestingly, only a few genes are known to be regulated via these negative GREs; therefore, the 

contribution of this kind of negative regulation to the overall anti-inflammatory activities or to the 

induction of undesired effects is not well understood (Cato et al., 2004; Doster and Heinzel, 2004). 

The major mechanism of negative regulation by the GR is the ability of the receptor to inhibit the 

activity of other transcription factors by being tethered to these factors. This mechanism is fully 

functional with dimerization-defective GR (Heck at al., 1994, Reichardt et al., 1998; Tuckermann et 

al., 1999) and is therefore thought to occur through GR monomers. The transcription factors to which 

the GR is tethered include activator protein 1 (AP-1), nuclear factor-κB (NF-κB) and interferon 

regulatory factor 3 (IRF3) (Reily et al., 2006; Ogawa et al., 2005). In addition, tethering of GR to NF-

κB inhibits phosphorylation of serine 2 on one of the two sites on the carboxy-terminal domain of 

RNA polymerase II which is required for transcriptional initiation (Nissen and Yamamoto, 2000). 

Another report demonstrated that different domains of the GR seem to be responsible for either NF-κB 

or AP-1 interactions. A GR(R488Q) mutant  unable to repress NF-κB activity retained the ability to 

repress AP-1 activity while transactivation activities were unaffected (Bladh et al., 2004).  

As these transcription factors regulate the expression of pro-inflammatory genes, their negative 

regulation by the GR has become a paradigm for the anti-inflammatory and immune suppressive 

action of glucocorticoids.  

Other mechanisms used to explain the transrepressive function of the GR is the binding of the GR to 

Jun N-terminal kinase (JNK) leading to suppression of JNK activity and subsequently to inhibition of 

AP-1 (Caelles et al., 1997, Bruna et al., 2003). The GR is also known to interfere with the extracellular 

signal-regulated protein kinase (ERK-1 and ERK-2) and p38 MAP kinase pathways via increased 

expression of the dual-specificity MAP kinase phosphatase (Kassel et al. 2001, Lasa et al., 2002, 

Clark, 2003). 

 

 

Cofactors 

The GR as a ligand-activated transcription factor, however, does not function alone. To ensure highly 

coordinated regulation of gene transcription it requires coregulators to modify and remodel chromatin 

structures. Cofactors can be divided into coactivators and corepressors depending on their function 

(Rogatsky and Ivashkiv, 2006, Feige and Auwerx, 2007). They do not bind directly to DNA but they 

are recruited through protein:protein interactions with AF domains of the GR to regulatory sequences 

and  can exert enzymatic activities, e.g. histone acetylases (HATs) or histone deacetylases (HDCAs). 

Among the best-described examples of cofactors are CBP/p300 HATs, which function as coactivators 

for many transcription factors beside the GR. A second family of coactivators consists of p160 

proteins, including SRC1/NCoA1, TIF2/GRIP1/NCoA3, pCIP/RAC3/ACTR/AIB1/NCoA3 (Xu and 

O’Malley, 2002). Interestingly, it was shown, that TIF2/GRIP1 is also able to function as a 

corepressor of the GR at the AP-1 and NF-κB ‘tethering sites’ (Rogatsky et al., 2001,). Other 
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corepressors, such as NCoR and SMRT have been described as being recruited to nuclear receptors, 

too. Their role in the negative regulation of pro-inflammatory genes, however, is still not well 

recognized. Further studies to investigate GR-dependent cofactor recruitment using dissociated GR-

ligands, as well as full agonists and/or antagonists, might help further to in crease our understanding of 

the fine tuning of gene expression regulated by the GR.  

 

Much research effort was invested in the study of the molecular mechanisms of anti-inflammatory / 

immunomodulatory activity of GCs. However, these are still not fully understood. Behind the 

transrepression activity, several mechanisms are hidden. For example, the role of cofactors and histone 

deacetylases for example is still under discussion although much research has been done in the past 

(Ito et al., 2000; Ito et al., 2001; Vanden Berghe et al., 2002). Furthermore, there are also 

transactivation events induced by GCs that are therapeutically beneficial, as has been shown for 

example for MKP-1 (Kassel et al., 2001, Clark, 2003), lipocortin-1 (Calandra et al., 1995) or very 

recently for glucocorticoid-induced leucin zipper (GILZ) (Hamdi, et al., 2007). Nevertheless, 

repression of many pro-inflammatory molecules seems to be a major part of the anti-inflammatory 

effects of GCs. 

 

Selective modulation of GR action as a concept for separation of anti-inflammatory 

effects from side effects 

 
Although the molecular mechanisms of the GR are more diverse than described 10 years ago, the 

differentiation of positive and negative regulation of gene expression by the GR has provided a 

working model to search for novel synthetic GR-ligands that have a better therapeutic index than 

classical GCs. This concept is based on studies with a mutant GR, where the exchange of a single 

amino acid residue in the dimerization domain of the receptor molecule abrogated dimerization and 

transactivation activities of the GR without affecting the ability of the receptor to repress AP-1 

regulated genes (Heck et al., 1994). Further studies with genetically modified mice carrying this 

dimerization deficient GR (GRdim/dim) demonstrated a similar phenotype. The expression of a number 

of genes positively regulated by the GR was abolished while negatively regulated genes were not 

affected (Reichardt et al., 1998, Reichardt et al., 2001). Treatment of the GRdim/dim mice with 

dexamethasone generated, in some models of anti-inflammatory action of GCs, a similar anti-

inflammatory response as in the wild type animals. For example, inflammatory activity, including the 

induced ear edema following TPA treatment and phorbol ester-induced local inflammation of the skin, 

could be repressed by glucocorticoids in the wild-type and GRdim/dim mice (Reichardt et al., 2001). 

However, these mice have not been used in any long-term experiments to find out whether the known 

side effects of glucocorticoids are eliminated. In a recent study presented at Keystone Symposium 

Nuclear Receptors: Steroid Sisters in 2006, Tuckermann and colleagues showed that GRdim/dim mice 
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were not protected from developing GC-dependent osteoporosis after a two week systemic treatment 

with prednisolone (Tuckermann et al., 2006, Abstract Keystone Symposium Nuclear Receptors: 

Steroid Sisters). This result demonstrates, that some but not all side effects might be addressed by a 

reduced transactivation activity of the GR. However, results obtained with GRdim/dim mice might not be 

translated in a one to one relation to the profile of dissociated GR-ligands. It is important to note that 

while some transactivation function of the GR may be destroyed by the dimerization mutation, there 

are clearly some genes that are positively regulated by the GR that are not affected by this mutation 

(Adams et al., 2003).  

The ability of the GR to function as coactivator in the positive regulation of genes controlled by, for 

example STAT5, is not affected by the dimerization and DNA binding properties of the receptor 

(Stocklin et al., 1996). Thus GC regulation of growth hormone expression and IGF-1 signaling is not 

affected by the dimerization mutation (Tronche et al., 2004). Similarly, there are genes that negatively 

regulate the immune system that are positively regulated by the GR. For example, thymosin β4 

sulfoxide (Young et al., 1999), glucocorticoid-induced leucine zipper (GILZ) (Berrebi et al., 2003), 

macrophage migration inhibitory factor (MIF) (Calandra et al., 1995), lipocortin-1 (Mizuno et al., 

1997) and MKP-1 (Kassel et al., 2001) are some of the known genes that negatively regulate processes 

in the immune system but are transcriptionally upregulated by GCs. Thus the transactivation / 

transrepression model for the screening of anti-inflammatory glucocorticoids with reduced side 

effects, although attractive, has some limitations. In spite of this, several pharmaceutical companies 

were able to identify novel GR-ligands displaying a better therapeutic index in vivo by using the 

hypothesis of dissociation of transrepression from transactivation activities as a starting point in their 

compound searches.  

 

 

Identification of “dissociated” GR-ligands  

 
Several pharmaceutical companies and university groups have been working to identify specific GR-

ligands with potent anti-inflammatory activity and reduced side effects, i.e. a therapeutically beneficial 

profile (Coghlan et al., 2003a, Högger, 2003; Cato et al., 2004, Schulz & Eggert, 2004, Schäcke et al., 

2005, Mohler et al., 2007). A screen for such ligands usually consists of receptor binding assays and 

cellular in vitro  tests for GR-mediated transactivation and transrepression, followed by various animal 

models of inflammation and GC-mediated side effects. The compounds analyzed are derived from 

different sources such as from high throughput screening  (where hundred of thousands of compounds 

are randomly screened) or from rational drug design, beginning with targeted modifications of known 

GR-ligands. 
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The first dissociated GR-ligands were published by Roussel-Uclaf (now Sanofi-Aventis): RU 24782, 

RU 24858 and RU 40066 (all Fig. 2, Table 1). All of these compounds have a steroidal structure and 

show good dissociation in vitro. Unfortunately, this in vitro  dissociation did not persist in the in vivo 

situation. While RU 24858 was as an anti-inflammatorily active as prednisolone in a rat asthma model, 

it induced side effects like those of the steroid itself: loss in body weight and induction of osteoporosis 

(Belvisi et al., 2001). This may be due to the steroidal structure of the compound. It is possible that 

this derivative is metabolized in vivo in such a way that yields a compound that behaves like a 

classical glucocorticoid. 

The situation changed with the discovery of two structurally distinct new non-steroidal GR-ligands: 

AL-438 and ZK 216348 (both Fig. 2, Table 1). AL-438, a benzopyrano[3,4-f]quinoline derivative, 

synthesized during a collaboration between Abbott Laboratories and Ligand Pharmaceuticals, 

efficiently inhibits the production of IL-6 and E-selectin, through transrepression, while showing less 

activity in transactivation assays (Coghlan et al., 2003b). This dissociation was also confirmed in vivo . 

AL-438 inhibits inflammation in a rat asthma model while showing a decreased potential to induce 

blood glucose, a surrogate marker for diabetes induction, which is a side effect known to be connected 

with transactivation mechanisms. Furthermore, reports have been published describing that AL-438 

may be less likely than prednisolone to induce osteoporosis. In a very recent publication it was 

demonstrated by in vitro  experiments that AL-438 affects osteoblastic cells significantly less in 

comparison to dexamethasone and prednisolone (Owen et al., 2007). The structure activity 

relationship (SAR) of this scaffold has been described (Elmore et al., 2004). LGD-5552 (Table 1), 

another promising compound whose structure has not yet been published though it shares a similar 

scaffold, has proven its efficacy in several animal models (Braddock, 2007).  

A different non-steroidal compound, ZK 216348 has been synthesized and characterized by (Bayer 

Schering Pharma AG) BSP  (Schäcke et al., 2004). The structure is a pentanoic acid 4-methyl-1-oxo-

1H-2,3-benzoxazinamide bearing a hydroxyl and a trifluoromethyl group, and a methyl and aryl 

substituent in the  ω-position, resulting in two quaternary carbons. The compound shows a dissociated 

profile in vitro: it inhibits the production of IL-8 and induces fewer transactivation mediated effects, 

like the induction of tyrosine amino transferase (TAT), one of the key enzymes in gluconeogenesis. 

This dissociated profile persists in in vivo experiments. ZK 216348 reduces a croton oil-induced ear 

inflammation as effectively as prednisolone in rats and mice after subcutaneous or topical 

administration. Importantly, in contrast to the steroid, ZK 216348 displays an attenuated side effect 

profile, as determined by the induction of TAT and blood glucose and reduction in body and thymus 

weight. Furthermore, ZK 216348 shows less skin atrophy than the GC reference after long-term 

topical treatment. Similar to AL-438, ZK 216348 has been shown to not affect osteoblastic cells 

negatively in comparison to steroidal GR-ligands in vitro  (Humphrey et al., 2005). 

Compound A, 2-((4-Acetoxyphenyl)-2-chloro-N-methyl)ethylammonium chloride (Fig. 2, Table 1), is 

a stable analogue of the hydroxyl phenyl aziridine precursor found in the Namibian shrub Salsola 
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tuberculatiformis Botschantzev and exhibits a dissociated profile with respect to the GR (De Bosscher 

et al., 2005). Compound A, described by Haegeman and coworkers, is the first example of such a 

dissociated compound isolated from natural sources. It binds to the GR with an affinity similar to 

dexamethasone. It is claimed that Compound A selectively triggers transrepression based on the 

results of in vitro experiments. Furthermore, the authors showed that it was possible to relate this in 

vitro dissociation to an in vivo context. According to the publication, Compound A is as active an anti-

inflammatory as dexamethasone in a zymosan-induced paw edema model in mice but induces no 

increase in the blood glucose level (De Bosscher et al., 2005).  

BI 115 (Fig. 2, Table 1) is described in multiple patents, the earlier of which claim BI 115 to be a GR 

modulator. Pharmacological data were presented at  the Edinburgh SCIPharm conference (May 14th-

17th 2006). BI 115 binds with high affinity to GR (IC50:2 nM) and inhibits IL-6 with a potency of 

6 nM  (90% efficacy). The aromatase inhibition was reported to be 10 nM (90% efficacy). This 

compound was also tested in a collagen-induced arthritis model in mice. The result was described as a 

better profile in comparison to prednisolone regarding a number of parametersobtained in this model, 

especially metabolic parameters were less affected by BI 115 than by prednisolone. A structurally 

distinct BI compound (Table 1), an indole sulphonamide, was published in 2007 with a binding 

constant of 29 nM to the human GR. (Marshall et al., 2007) 

Glaxo Smith Kline (GSK) reported the benzylic position of their tetrahydronaphthaline- 

methylbenzoxazinones (Fig. 2, Table 1) as an agonist trigger in GR binding. Compounds of this class 

are claimed in two patents (WO2006/000398, WO2006/000401) each member of which has a binding 

below 100 nM to GR. In a functional assay involving NF-κB inhibition the depicted cyclopentyl 

derivative had a pIC 50 of 8.7 (92%) (Barker et al., 2006). 

Other pharmaceutical companies are also working in the field of dissociated GR-ligands. For example, 

Pfizer is using a cell-based assay to find dissociating modulators of the GR (Rogatsky, 2003). Non-

steroidal selective GR-ligands, described by Merck Research Laboratories and University of 

California in San Francisco (Fig. 2, Table 1), have been shown to display a dissociated in vitro profile 

and to dose-dependently inhibit LPS-induced TNF-α  production in mice (Shah and Scanlan, 2004, 

Thompson et al., 2005). However, no in vivo data have so far been reported on the potential of these 

compounds to induce GC-mediated side effects.  

 

In general, it seems that the compounds identified on the basis of their conformity to the 

transrepression / transactivation hypothesis show anti-inflammatory activity with reduced side effects 

in some, but not in all, animal models. The focus in the search for novel GR-ligands at the moment is 

on systemic, preferentially orally bioavailable compounds. There are, however, programs aimed at the 

identification of compounds suitable for topical application, such as cutaneous application in 

dermatoses or inhaled therapy in asthma. Such compounds may require a different target profile. 
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The required compound profiles for systemic and topical administrations may differ not only 

regarding their pharmacokinetic but also regarding their pharmacologic profiles. Thus, it appears that 

in the future emphasis should be placed on the identification of GR agonists for distinct anti-

inflammatory functions and administration routes. The molecular targets to be used in the screening 

process will be dictated by the properties required of the compound. Once in vivo efficacy and reduced 

side effect profile in at least one parameter has been demonstrated, the GR-ligand should be used for 

an in depth profiling regarding cofactor recruitment as well as for activity in different disease and side 

effect models. 

 

Summary and perspective 
 
In the last few years, the first promising results in the field of dissociated GR-ligands have been 

reported. A good correlation between an in vitro profile and a better therapeutic index in vivo  has been 

shown for three compounds thus far: AL-438, ZK 216348, and BI 115. All compounds strongly  

inhibit the activity of pro-inflammatory transcription factors, but differ in their transactivation profiles.  

In vivo results show that they have the potential for an improved therapeutic index with regard to some 

but not all side effects. For example, ZK 216348 does not induce blood glucose after systemic 

treatment of rats (Schäcke et al., 2004), whereas AL-438 even antagonizes the blood glucose induction 

caused by prednisolone in vivo (Coghlan et al., 2003). However, not all aspects of in vivo selectivity of 

these compounds are completely understood. 

In parallel to the work at different pharmaceutical companies, research in the field of molecular 

mechanisms of the GR, especially regarding anti-inflammatory activity, was carried out in many 

research laboratories. These results have demonstrated that the cellular role of the GR is substantially 

more complex than the one described 15 years ago. Anti-inflammatory activity of GCs is regulated to 

a major extent by the repression of pro-inflammatory proteins, but not exclusively. Even in discussing 

transrepression it is now clear that several distinct molecular processes are implied by this term.  

Likewise, the mechanisms involved in the development of undesired effects are complex and subtle. 

For many of the metabolic effects transactivation seems to be the most prominent mechanism as it has 

been shown for genes encoding enzymes of gluconeogensis and protein catabolism (Schäcke et al., 

2002). However, especially with regard to osteoporosis induction, the dissociation between 

transactivation and transrepression activity will not be a comprehensive indicator of how the 

compound will behave (Tuckermann et al., 2006). Similarly, mechanisms for the induction of skin 

atrophy are not very well understood. For these and some other side effects, it might be more helpful 

to establish very specific in vitro systems, where possible, to determine the characteristics of newly 

synthesized compounds with regard to specific therapeutic and side effects.  

Further research is required to identify more molecular pathways that could ease the in vitro screening 

procedure by clearly identifying therapeutically useful GR agonists. 
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Some of the useful parameters to be included in future screening assay to improve the identification of 

“dissociated” compounds are: first, a better understanding of the tissue-specific recruitment of 

coactivators and corepressors by the GR-ligand complex, and; second, determination of the changes in 

gene expression profiles caused about by the GR-ligand complex. In this context, the changes in 

protein expression pattern brought about by the GR-ligand complex should not be disregarded. 

Furthermore, detailed molecular analysis of GR-ligand complexes at the promoter level, by means of 

chromatin immunoprecipitation techniques to determine the recruitment of chromatin-modifying 

enzymes such as histone acetylases and deacetylases or protein methylases, would give valuable 

insight into the function of particular ligands when bound to the GR.   

 

Beside all the restrictions regarding the transrepression / transactivation hypothesis mentioned above, 

there are examples of dissociated GR-ligands (AL-438, ZK 216348, BI 155) that display an improved 

effect / side effect ratio in animals. Whether these results will also hold true in humans remains to be 

shown in a clinical setting. We expect that dissociated GR-ligands will soon enter the development 

stage, and subsequently demonstrate their clinical superiority. 
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Compound Reported effects Status Reference 
RU 24858, Sanofi-Aventis In vitro: dissociation between 

transrepression and transactivation 
activities; 
In vivo: shows anti-inflammatory activity, 
but has no improved effect/ side effect 
profile  

preclinical Belvisi et al.,  
2001 

AL-438, Abbott-Ligand In vitro: marked preference for 
transrepression; 
In vivo: shows anti-inflammatory activity 
with an improved effect/ side effect profile 

preclinical Coghlan et al., 
2003 

LGD-5552, Ligand In vivo: shows anti-inflammatory activity 
with an improved effect/ side effect profile 

preclinical Braddock, 2007 

ZK 216348, Bayer Schering 
Pharma 

In vitro: clear preference for 
transrepression; 
In vivo: shows anti-inflammatory activity 
with an improved effect/ side effect profile 

preclinical Schäcke et al., 
2004 

Compound A, University of 
Ghent 

In vitro: dissociation between 
transrepression and transactivation 
activities; 
In vivo: shows anti-inflammatory activity 
with an improved effect/ side effect profile 

preclinical De Bosscher et 
al., 2005 

BI 115, Boehringer Ingelheim In vitro: activity is shown 
In vivo: shows anti-inflammatory activity 
with an improved effect/ side effect profile 

preclinical Conference 
report: Edinburgh 
SCIPharm, 2006 

Compound 5g in reference 
Marshall, Boehringer 
Ingelheim 

In vitro: binding data only reported preclinical Marshall et al., 
2007 

Compound 60 in reference 
Barker, GSK 

In vitro: dissociation between 
transrepression and transactivation 
activities; 
In vivo: shows anti-inflammatory activity 

preclinical Barker et al., 2006 

Compound 25 in reference 
Shah and Scanlan, UC-SF; 
Compound 15 in reference 
Thompson, Merck Research 
Laboratories  

In vitro: dissociation between 
transrepression and transactivation 
activities;  
In vivo: reduces TNF-α  production in mice 

preclinical Shah and Scanlan,  
2004; Thompson 
et al., 2005 

 
 
Table 1: Summary of dissociated GR-ligands.
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Figure 1: Structures of NO-releasing steroids.

Page 19 of 20 



Ac
ce

pt
ed

 M
an

us
cr

ip
t

 19 

 

F
O

OH

O

CN O

N
H

O

CF3

N
H

OH
O
N

O

O

O
O

O

Cl
NH2

+Cl

CF3

OH

OH

F

N
H

N
S

N
H

OO
N
H

N
N

S

OH

F

H
CF3

O

N
H

O
N

O

OH

ZK 216348RU 24858 AL-438 Compound A

BI 115 BI GSK UC-SF and 
Merck 

 
Figure 2: Structures of dissociated GR-ligands 
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