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ABSTRACT: Glucocorticoid receptor (GCR) transactivation reporter gene assays were used as an initial high-throughput screening on a diversified library of 1200 compounds for their evaluation as GCR antagonists. A class of imidazo[2,1-b]benzothiazole and imidazo[2,1-b]benzoimidazole derivatives were identified for their ability to modulate GCR transactivation and anti-inflammatory transrepression effects utilizing GCR and NF-κB specific reporter gene assays. Modeling studies on the crystallographic structure of the GCR ligand binding domain provided three new analogues bearing the tetrahydroimidazo[2,1-b]benzothiazole scaffold able to antagonize the GCR in the presence of dexamethasone (DEX) and also defined their putative binding into the GCR structure. Both mRNA level measures of GCR itself and its target gene GILZ, on cell treated with the new analogues, showed a GCR transactivation inhibition, thus suggesting a potential allosteric inhibition of the GCR.
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Cortisol is synthesized in the adrenal glands but is also regenerated mainly in the liver from inactive cortisone by 11β-hydroxysteroid dehydrogenase 1. Natural and synthetic glucorticoids are the ligands of the glucocorticoid receptor (GCR) which belongs to the nuclear hormone receptor superfamily of ligand-activated transcription factors. GCR has a dual mode of action: “transactivation” as a ligand activated transcription factor that binds to glucocorticoid response elements located in the nuclear and mitochondrial DNA and as a modulator (often trans-repressor) of other transcription factors such as NF-kB.1-3 The final resulting physiological action is the regulation/maintenance of basal and stress-related homeostasis.4
Glucocorticoids are the most prescribed drugs for anti-inflammatory purposes but their continued use is restricted by serious side effects: hypertension and major metabolic side effects such as glucose intolerance, muscle wasting, skin thinning and osteoporosis. Therefore, in order to avoid such side effects, GCR signaling pathways have been the focus of intensive research to find modulators active either on transactivation or transrepression.5-7
Selective GCR antagonists have been the interest of active chemistry in the last two decades. Their potential therapeutic applications are very broad, including Cushing’s syndrome, psychotic depression, diabetes, obesity, Alzheimer’s disease, neuropathic pain, drug abuse, and glaucoma.8 Depending on the chemical structure they can be classified as: 1) Steroidal, such as the non-selective GCR antagonist RU-486 (mifepristone), which was used for the treatment of Cushing’s syndrome9 and the GCR-selective steroid RU-4304410 and 2) non-steroidal GCR antagonists including: octahydrophenanthrenes, spirocyclic dihydropyridines, triphenylmethanes and diaryl ethers, chromenes, dibenzyl anilines, dihydroisoquinolines, pyrimidinediones, azadecalins, aryl pyrazolo azadecalins, quinolin-3-one and polyhydroxylated polychlorinated biphenyls.8, 11-14
Herein, by screening a library of 1200 compounds using GCR competition binding assays, a new moiety bearing the imidazo[2,1-b]benzothiazole and imidazo[2,1-b]benzoimidazole skeleton was identified as a new scaffold for the inhibition of the GCR activity (Figure 1). Modelling studies of the most active compound on the crystallographic structure of the GCR ligand binding domain provided three novel structures, which were synthesized and further evaluated for their antagonist action mechanism against GCR in the presence of DEX15 (Figure 1). Allosteric binding and inhibition of inflammatory activity were the two main suggested features for our compounds. 


Figure 1. General structure of the hit compounds and of DEX.
Firstly, GCR luciferase reporter gene assay was performed following single compound treatment (0.1 μM) to compare potential agonistic compound effects relative to the reference agonistic compound DEX (1 μM). However, none of the tested compounds induced GCR agonistic effects (Figure S1). Next, to evaluate antagonistic effects, we performed a GRE luc reporter gene assay following single compound combination treatments with DEX (1 µM). As it can be observed from Table 1, DEX induced GCR transactivation can be reversed by compounds 1-9, with compound 9 being the most potent, reducing DEX induced GCR transactivation by 82% (100 % is DEX effect). In contrast, a compound with a similar structure: 10, was found to be completely ineffective (Table 1, Figure S2). The increased effect of the hydrochloric salts 1 and 6, in comparison to the parent compounds 10 and 2, can be explained by the higher water solubility.
Table 1. GCR antagonistic effects in comparison to DEX effects taken as 100 %.


	compd
	A
	X
	R1
	R2
	GCRa 
	HeLab 
EC50 (µM)

	1
	[image: ]
	S
	H
	CH2NH2·HCl
	38 ± 5
	

	2
	[image: ]
	S
	H
	CH2NH2
	35 ± 11
	

	3
	[image: ]
	S
	H
	CH2OH
	34 ± 14
	

	4
	[image: ]
	S
	H
	CH3
	30 ± 1
	

	5
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	NEt
	H
	CN
	25 ± 1
	

	6
	[image: ]
	S
	H
	CH2NH2·HCl
	23 ± 2
	

	7
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	S
	H
	NH2·HCl
	23 ± 3
	

	8
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	S
	H
	Br
	20 ± 1
	

	9
	[image: ]
	S
	H
	CN
	18 ± 3
	1.7 ± 1.0

	10
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	S
	H
	CH2NH2
	138 ± 3
	3.6 ± 1.3

	11
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	S
	H
	COOH
	
	170 ± 1.08

	12
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	S
	H
	COOCH3
	
	7.7 ± 1.1

	13
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	S
	[bookmark: _GoBack][image: ]
	CN
	
	16 ± 1.1


aModulation in %. bThe data are reported as means ± SE of 3 independent experiments performed in triplicate.

Complementary to the GCR reporter screening, the most active compounds identified in the GCR reporter assay were also tested for their possible anti-inflammatory GCR transrepression effects in a complementary NF-kB reporter assay. Compounds were evaluated for their potency to suppress TNF induced NF-kB reporter activity upon 4 h combination treatment following 2 h pretreatment with the single compound. Interestingly, various degrees of NF-kB inhibition were observed, with compound 9 being the most bioactive, reducing TNF induced NF-kB activation by approximately 76% (Figure 2).
[image: ]
Figure 2. Suppression of TNF induced NF-kB reporter activity in the presence of tested compounds.
It is known that molecular docking studies on biological systems can predict the structures of intermolecular complexes formed by ligands and their receptors.16 In a number of different systems, molecular docking has been employed to rationalize experimental results for a great variety of targets, such as proteins,17-19 enzymes20-23 and DNA.24-26 The technique can predict intermolecular receptor-ligand structures not easily accessible through experiments. Moreover, molecular docking can provide atomic level information about the interactions occurring within the binding site and in the putative ligand-binding “pockets” found into a protein. 
Here, the crystallographic structure of the GCR ligand binding domain revealed 14 such different pockets, whose volume, depth and polarity are shown in Supporting Information Table S1. A molecular docking calculation was carried out for the most antagonistic compound, 9, in every pocket of the GCR (Table S2). The most interesting pockets, from the geometric, energetic and chemical point of view, were found to be pockets 2, 3 and 4. In these pockets, indeed, we noticed a high density of hydrogen bond donor residues (Table S3). This common feature of the three pockets led us to the design of three new compounds: 11, 12 and 13 (Table 1). These molecules share the same scaffold with compound 9 but have different R1 and R2 substituents. In particular, we added hydrogen bond acceptor functional groups, such as carboxyl, ester and carbonyl group, in order to improve the binding in pockets 2, 3 and 4 exploiting the high density of hydrogen bond donor residues. These new compounds were docked in all the 14 pockets identified by the former analysis in order to compare their binding poses and energy (Table S2). Interestingly, compounds 11, 12 and 13 always displayed a lower binding energy compared to 9, in particular in pockets 2, 3 and 4.
The binding site of DEX (pocket 0) showed the largest volume and the lowest binding energy with respect to the other pockets confirming that, in the absence of DEX, the studied compounds would bind in this pocket but with a lower affinity comparing to DEX. The docked conformation of the modeled compounds displayed the lowest energy values in pockets 2, 3 and 4 highlighted in Figure 3, where the compounds are shown as being able to bind even in presence of DEX. We carried out an analysis of chemical interactions in the selected pockets. All the docked structures in pocket 2 adopt the same binding mode. The carboxyl and the ester of compounds 11 and 12 are oriented towards His 726, Tyr 764 and Ser 674, with the two oxygens forming hydrogen bonds (HBs) with the aforementioned residues (Figure S3). The nitrile substituents of compounds 9 and 13 form a HB with His 726 (Figure S4). The docking poses of the same compounds within pocket 3 are, also, very similar. We observed a salt bridge between the carboxyl group of compound 11 and Arg 614, and a HB between the acceptor nitrogen of all scaffolds and Tyr 663 (Figure S5). Within pocket 4, compound 9 exhibited a different docking pose compared to 11, 12 and 13. In particular, there is a salt bridge between the carboxyl group of 11 and Arg 585, and a HB between both the carbonyl groups of 11 and 12 and Gln 592. The carbonyl group of compound 13 makes a HB with Met 752 (Figure S6). The nitrile group of 9 is oriented towards the same direction, but the docking pose of the rigid scaffold differs from 11, 12 and 13 (Figure S7). These three compounds were designed in such a way as to interact with HB donor residues in the selected pockets (Table S3), providing additional interactions compared to compound 9. Finally, all the modified compounds display a lower binding energy in the selected pockets with respect to compound 9.
[image: ]
Figure 3. The three putative binding sites in the ligand binding domain of the glucocorticoid receptor for compounds 11, 12 and 13. In green pocket 2, in cyan pocket 4 and in orange pocket 3. In red the binding site of DEX.
In the next step, the proposed compounds 11-13 were tested for their GCR antagonist activity. The results presented in Supporting Information Figure S8 show that unlike RU486, which competitively inhibits GCR activity, the compounds 11-13 are not classic competitive inhibitors of the GCR activity, since they do not compete with DEX. 
Since our compounds showed noncompetitive antagonism against DEX, we evaluated the cytotoxic effects on epithelial cells of the most active compounds 9, 11-13; compound 10 was our negative control, since it showed very low activity in terms of binding to the GCR (Table 1). The cytotoxicity of derivatives 9, 10, 11, 12 and 13 for HeLa cells was studied with the MTT test, after 72 h of cell exposure in complete medium. Data presented in Table 1 and Figure 4 show that all the compounds induced a cytotoxic effect with an EC50 (µM) of 1.7, 3.6, 170, 7.7 and 16 for compounds 9, 10, 11, 12 and 13 respectively. In terms of cytotoxicity for HeLa cells, these results demonstrate a pronounced difference in the behavior of the 9 and 10 derivatives and 11, 12 and 13 compounds tested. Further analysis was therefore focused on the less toxic compounds 11, 12 and 13 (Figure 4).
[image: ]
Figure 4. Effect of compounds 9, 10, 11, 12 and 13 in HeLa cells. Cells were exposed for 72 h to the compounds at different concentrations (0.4, 2, 10, 50 and 250 µM), and cytotoxicity was evaluated by the MTT assay. The data are reported as means ± SE of 3 independent experiments performed in triplicate.
To investigate the mechanism of the non-competitive antagonism found, the effect of compounds 11, 12 and 13 on GCR expression was evaluated. GCR transcripts were quantified in Hela cells treated for 24 h at 0.4 and 2 µM with the 3 compounds. Interestingly, the treatment with the compounds at 0.4 µM induced a down regulation of the GCR (about 50 % for compound 11), but not at 2 µM (Figure 5). The presence of this effect only at lower concentration could be related to cytotoxic effects at higher concentration. The effect on GCR expression of compounds 9 and 10 was also evaluated (Figure S9), highlighting that the least cytotoxic compound (9) is more similar to compounds 11-13 than compound 10.
[image: ]
[bookmark: OLE_LINK1]Figure 5. GCR expression in HeLa cells after treatment with compounds 11, 12 and 13 for 24 h at 0.4 and 2 µM. One-way ANOVA, 0.4 µM p = 0.057; 2 µM p = 0.92. The data are reported as means ± SD of 3 independent experiments.
GILZ is one of the earliest and most GCR inducible genes by transactivation. To confirm the ability of compounds 11, 12 and 13 to modulate GCR transactivation, the expression of GILZ was measured in Hela cells treated for 24 h with compounds 11, 12 and 13 at 0.4 and 2 µM. As shown in Figure 6, the compounds induced a downregulation of GILZ expression, by comparison to untreated cells (CTRL), indicating that our compounds could prevent the transactivation of the GCR. The strongest effect was observed for compound 12. GILZ downregulation was evident at lower concentration tested (0.4 µM), likely because at 2 µM the compounds start to induce a cytotoxic activity. To verify further the inhibition of GCR-induced transactivation, HeLa cells were also treated with DEX alone at 0.1 µM and in combination with compounds 11, 12 and 13 for 24 h (Figure 7). As a positive control, the GCR competitive antagonist RU486 was used in combination with DEX (Figure 7). Co-treatment of cells with DEX and RU486 showed that DEX-induced GCR-mediated GILZ transcription was inhibited as expected. Similar results were obtained when cells were treated with compounds 11, 12 and 13 plus DEX, with compound 12 showing again the most significant effect and likewise demonstrating the ability of this compound to inhibit the transcriptional activity of the GCR. The effect on GILZ expression of compounds 9 and 10 was also evaluated (Figure S10), highlighting that no significant inactivation of GCR is induced by these compounds, since GILZ levels are not affected.
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[bookmark: OLE_LINK4][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Figure 6. GILZ expression in HeLa cells after treatment with 11, 12 and 13 for 24 h at 0.4 and 2 µM. One-way ANOVA, 0.4 µM p = 0.0090; 2 µM p = 0.58 and Bonferroni post Test 12 vs CTRL ** p-value<0.001. The data are reported as means ± SD of 3 independent experiments.
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Figure 7. GILZ expression in HeLa cells after treatment with DEX alone at 0.1 µM, with RU486 0.4 µM in combination with DEX and with 11, 12 and 13 0.4 µM in co-treatment with DEX for 24 h. One-way ANOVA, p = 0.011; Bonferroni post Test: RU486 +DEX vs DEX * p-value<0.05; 12 + DEX vs DEX * p-value<0.05. The data are reported as means ± SD of 3 independent experiments.
While in the GILZ expression assay, the compounds reduced DEX activity with an effect similar to RU486 (Figure 7), a competitive inhibitor of GCR; results from GCR reporter assay (Figure S8) indicate that the antagonism of our compounds is not surmountable by increasing DEX concentration and therefore occurs through a noncompetitive mechanism.
In this letter, through an in vitro screening of 1200 compounds using a GCR reporter gene assays, nine molecules were identified as potent GCR antagonists. In addition, some analogs maintained an anti-inflammatory GCR like activity as revealed by our NF-kB reporter gene studies. Molecular docking on the most active compound revealed the presence of three pockets suitable for binding. Based on the high density of HB donor residues found in these pockets, three novel compounds were designed. All the modified compounds displayed a lower binding energy in the selected pockets compared to the parent compound. The biological evaluation of the synthesized novel molecules did not show a classic antagonism against GCR but rather a reverse GCR transactivation, illustrated with a reduced expression of the GILZ gene. However, in contrast to RU486, our molecules failed to displace DEX in ligand binding assays. In silico studies provided three putative binding sites (pockets) in the ligand binding domain of the GCR where the compounds can bind in presence of DEX.
Taking into account all the experimental data, we conclude that our novel analogues hold promise as a novel class of anti-inflammatory GCR modulator compounds with decreased GCR transactivation properties. Most importantly, given that they bind to the GCR but do not displace the reference ligand DEX,27, 28 their allosteric binding is the most likely explanation.
These results open the door for designing improved anti-inflammatory GCR modulators with reduced side effects.
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