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Discovery of a novel nonsteroidal selective glucocorticoid
receptor modulator by virtual screening and bioassays
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Jin-ping Pang1, Xue-ping Hu1, Yun-xia Wang1, Jia-ning Liao1, Xin Chai1, Xu-wen Wang1, Chao Shen1, Jia-jia Wang2, Lu-lu Zhang2,
Xin-yue Wang1, Feng Zhu1, Qin-jie Weng2, Lei Xu3, Ting-jun Hou1,4 and Dan Li1
Synthetic glucocorticoids (GCs) have been widely used in the treatment of a broad range of inﬂammatory diseases, but their clinic
use is limited by undesired side effects such as metabolic disorders, osteoporosis, skin and muscle atrophies, mood disorders and
hypothalamic-pituitary-adrenal (HPA) axis suppression. Selective glucocorticoid receptor modulators (SGRMs) are expected to
have promising anti-inﬂammatory efﬁcacy but with fewer side effects caused by GCs. Here, we reported HT-15, a prospective
SGRM discovered by structure-based virtual screening (VS) and bioassays. HT-15 can selectively act on the NF-κB/AP1-mediated
transrepression function of glucocorticoid receptor (GR) and repress the expression of pro-inﬂammation cytokines (i.e., IL-1β, IL-6,
COX-2, and CCL-2) as effectively as dexamethasone (Dex). Compared with Dex, HT-15 shows less transactivation potency that is
associated with the main adverse effects of synthetic GCs, and no cross activities with other nuclear receptors. Furthermore, HT-15
exhibits very weak inhibition on the ratio of OPG/RANKL. Therefore, it may reduce the side effects induced by normal GCs. The
bioactive compound HT-15 can serve as a starting point for the development of novel therapeutics for high dose or long-term
anti-inﬂammatory treatment.
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INTRODUCTION
Glucocorticoid receptor (GR), a ligand activated transcription
factor, belongs to steroid hormone receptor family that also
includes androgen receptor (AR), progesterone receptor (PR),
mineralocorticoid receptor (MR), and estrogen receptor (ER). GR is
widely expressed in the body and plays important roles in the
regulation of a wide range of vital biological processes, such as
development, metabolism, inﬂammation, and stress response
[1, 2]. In the resting state, the GR monomer predominantly resides
in the cell cytoplasm as a part of a chaperone complex. Upon
ligand binding, GR undergoes a conformational change, dissociates from heat shock protein 90 (HSP90), and translocates into the
nucleus and selectively binds to the conserved GC response
elements (GREs) to regulate downstream genes. GR homodimer
can bind to positive GREs to activate the transcription of target
genes, also known as “transactivation” [3–5]. GR can also bind to
negative GREs (nGREs) [6, 7] or interact with other transcription
factors through a manner called “tethering” to repress the
transcription of target genes, also known as “transrepression”
[8, 9]. However, recent studies suggest that the “tethering” alone is
not sufﬁcient for GR anti-inﬂammatory effects and potent antiinﬂammatory effects additionally require a direct binding of GR to
the recognition motif of transcription factors activator protein-1
(AP-1) or nuclear factor-kappa B (NF-κB) [10–12]. GR recognizes a

cryptic response element within the promoter of NF-κB and
represses the expression of the inﬂammatory cytokines such as IL8 and CCL-2 [13]. It has been conﬁrmed that the anti-inﬂammatory
effects of GR mostly attribute to its ability to inhibit downstream
effectors such as the AP-1 and NF-κB of proinﬂammatory signaling
pathways [14]. In addition, GCs can also exert rapid antiinﬂammatory effects by non-genomic pathways [15].
Synthetic glucocorticoids (GCs), such as dexamethasone (Dex),
are among the most widely prescribed drugs for the treatment of
inﬂammatory and autoimmune diseases [16]. Recently, Dex was
recommended for use in COVID-19 patients with severe respiratory symptoms in a press release named “Randomized Evaluation
of COVID-19 Therapy” (RECOVERY) for a comprehensive trial in the
United Kingdom [17]. However, long-term use of traditional
synthetic GR agonists often causes severe adverse effects such as
glucose intolerance, hypertension, muscle wasting and osteoporosis [18, 19]. Early clinical studies indicated that the adverse
effects of GCs are predominantly associated with its transactivation activity because a series of genes activated via the
transactivation pathway are involved in metabolic and endocrine
functions [19]. However, it has also been reported that, through
the transactivation mechanism, GR can induce the expression of
anti-inﬂammatory proteins, such as glucocorticoid-induced leucine zipper (GILZ), MAPK phosphatase-1 (MKP-1) and annexin-1
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(Anx-1) [20]. In addition, higher doses of GCs can bind to MR,
resulting in increased sodium level and decreased potassium level
[15, 21]. In general, discovery of GR ligands with anti-inﬂammatory
function but less transactivation-mediated side effect is highly
desirable. It is believed that selective glucocorticoid receptor
modulators (SGRMs, also termed as “dissociated ligands”) have the
potential to dissociate the promising anti-inﬂammatory efﬁcacy
from adverse effects through differential DNA binding and
coregulator recruitment [18, 22]. During the past decades, several
synthetic nonsteroidal SGRMs have been reported based on the
transactivation/transrepression dissociation mechanism, such as
mapracorat [23], CpdA [24], ZK 216348 [25], AL-438 [26] and
AZD9567 [22]. These compounds exhibit GC-like anti-inﬂammatory activities and less GC-induced undesirable effects. Especially,
Azd9567 had entered a phase IIa trial for rheumatoid arthritis (in
patients with type 2 diabetes mellitus) in October 2020
(NCT04556760) [27]. However, so far, no SGRM has been approved
for clinical use. Therefore, it is still quite urgent to develop novel
SGRMs for inﬂammatory disorders.
Virtual screening is a powerful computational approach for the
identiﬁcation of lead compounds with novel structural scaffolds
[28, 29]. In this study, a method of structure-based virtual
screening (SBVS) combined bioassays was employed to discover
novel SGRMs. By screening the ChemDiv chemical library, 54
potential compounds were identiﬁed and submitted to bioassays.
HT-15, a new-scaffold SGRM with overall better activity and safety
proﬁle, was ﬁnally identiﬁed. Compared with Dex, HT-15 shows
less transactivation potency that is associated with the main
adverse effects of synthetic GCs, and no cross activities with other
NRs. Furthermore, molecular dynamics (MD) simulations and free
energy calculations were used to explore the GR LBD/ HT-15
interaction to guide future optimization of HT-15.
MATERIALS AND METHODS
Structure-based virtual screening
The crystal structure of the GR ligand binding domain (GR LBD) in
complex with nonsteroidal glucocorticoid receptor modulators
(PDB entry: 5G5W [30]) was retrieved from Protein Data Bank
(http://www.rcsb.org) and used as the template for docking-based
virtual screening. The crystal structure was prepared using the
Protein Preparation Wizard in Schrödinger software [31]. The water
and 1,2-ethanediol molecules were deleted. The protein grid box
for docking was generated by enclosing the residues in a box with
a size of 15 Å × 15 Å × 15 Å centered on the native ligand using the
Receptor Grid Generation module with the default settings. Before
molecule docking, the small molecules in the ChemDiv chemical
library were prepared using the LigPrep module in Schrödinger,
and ﬁltered by the Lipinski’s rule-of-ﬁve [32] and Oprea’s [33] rules.
The remaining 770,709 molecules were docked into the prepared
structure by using the Glide module, and the binding energies
were scored and ranked by the Glide SP scoring mode. The 1000
top-ranked compounds were clustered based on the 2D
similarities (Tanimoto coefﬁcients) of the MACCS ﬁngerprints.
Then, the binding poses of the clustered compounds were
carefully checked. Finally, 54 potential compounds were purchased for subsequent bioassays.
Molecular dynamics (MD) simulations
The structure of the GR LBD bound with HT-15 predicted by
molecular docking was used as initial conformation for the MD
simulations. The GR agonist Dex was obtained from the crystal
structures of the complexes (PDB entry: 1M2Z). Then, the crystal
structures of 1M2Z was superimposed onto that of 5G5W, and Dex
was extracted and merged into 5G5W to construct the structure of
the GR LBD bound with Dex. The AM1-BCC atomic partial charges
for the ligand were assigned with the antechamber program in the
AMBER 18 package [34]. The ff14SB and GAFF2 force ﬁelds were

assigned for the protein and ligand, respectively. The proteinligand complex was solvated into a TIP3P water box with a
distance of 10 Å extended from any solute atom. Two sodium ions
were added to neutralize the whole systems.
Three phases of minimizations were performed to remove
unfavorable contacts for the prepared system. First, the water
molecules and counter ions were optimized by 1000 steps of
steepest descent and 2000 steps of conjugated gradient
minimizations with the other atoms restrained by 50 kcal·mol−1·Å−2. Then, the protein atoms were restrained by a 10
kcal·mol−1·Å−2 force constant and the other atoms were
minimized by 1000 steps of steepest descent and 2000 steps of
conjugated gradient minimizations. Finally, the whole system was
relaxed without any restraint for 1000 steps of steepest descent
and 2000 steps of conjugated gradient minimizations. Next, the
system was gradually heated to 300 K over a period of 30 ps under
the NVT ensemble, and equilibrated for 110 ps in the NPT (P = 1
atm, T = 300 K) ensemble. Finally, 500 ns MD simulations were
carried out in the NPT (T = 300 K and P = 1 atm) ensemble with
the PMEMD program [35]. The SHAKE algorithm [36] was used to
constrain the covalent bonds. The length of the production
simulation was 500 ns with a time step of 2 fs, and the
conformations were saved per 10 ps.
The root-mean-square deviation (RMSD) and distance analyses
were carried out by using the cpptraj module in AmberTools18.
The principal component analysis (PCA) was carried out by using
the NMWiz module in VMD [37] based on the coordinates of all the
Cα atoms in the trajectory.
MM/GBSA free energy decomposition
The interactions between each residue in the GR LBD and each
ligand (HT-15 or Dex) were analyzed using the MM/GBSA free
energy decomposition analysis [38–41] applied in the MMPBSA.py
script as implemented in AmberTools18. The binding interaction
for each residue-inhibitor pair includes three terms: van der Waals
contribution (ΔGvdw), electrostatic contribution (ΔGele) and desolvation contribution (ΔGsol) (Eq. (1)). The electrostatic desolvation
energy (ΔGGB) was estimated by using the GB model based on the
parameters developed by Onufriev et al. (igb = 2) [42]. The nonpolar contribution of desolvation (ΔGSA) was measured by the
solvent accessible surface area (SASA).
Gresidueligand ¼ ΔGvdw þ ΔGele þ ΔGsol
¼ ΔGvdw þ ΔGele þ ΔGGB þ ΔGSA

(1)

All the energy components were calculated using the 100 snapshots extracted from the last 50 ns MD trajectory.
Cell culture and materials
RAW264.7, HeLa, 3T3, HePG2, MG-63, PC3, 293T and A549 cell lines
were purchased from the Cell Bank of the Chinese Academy of
Science Type Culture Collection (China). Cells were cultured
according to the supplier’s instructions.
LPS from Escherichia coli O55:B5 (Sigma-Aldrich, USA; # L-2637)
and recombinant human tumor necrosis factor-alpha (TNF-ɑ)
(Sangon Biotech, China; # C600021) were used to induce
inﬂammation. Progesterone, aldosterone, PMA, Azd9567 and
Dex were purchased from MCE (Medchem Express, USA), and
and all the tested compounds were bought from Chemdiv and the
compounds are listed in Supplementary Table S1. pGL4.36[luc2P
MMTV Hygro] (GenBank accession no. FJ773214) was purchased
from Promega. pCMV-GR11 (Addgene, USA; # 89105), pCMV-hAR
(Addgene, USA; # 89078), and pcDNA3-PRB (Addgene, USA; #
89130) were gifts from Elizabeth Wilson. pNF-κB-luc (Beyotime
Biotechnology, China; #D2206) was purchased from Beyotime.
pCMV-hMR was constructed by cloning MR fragment into the
plasmid of pCMV-hAR by the technology of seamless cloning
(Vazyme, China; # C112-1). AP-1-luc was constructed by cloning
Acta Pharmacologica Sinica (2022) 0:1 – 10
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ﬁve copies of AP-1 promoter into the BmtI and BglII sites of
pNF-κB-luc. ARR3tk promoter was cloned into the HindIII and
XhoI sites of PGL4.18 vector (GenBank accession no. DQ188838)
(Promega, USA).
Transactivation assay in agonist mode (TAag)
The agonistic activity of the tested compounds toward GR was
determined in HeLa cells stably transfected with pGL4.36[luc2P
MMTV Hygro] by measuring the ﬁreﬂy luciferase signal. Brieﬂy,
MMTV-Luc-expressed cells were cultured in 5% charcoal stripped
serum (CSS) DMEM medium with 1 × 104 cells/well in 96-well
plates overnight. Then cells were treated with the gradient
concentrations of the tested compounds for 18 h and their
luciferase activities were measured with One-Lumi™ Fireﬂy
Luciferase Assay Kit (Beyotime Biotechnology, China; #
RG055M). Bioluminescence was measured with Synergy H1
(BioTek; USA).
Transactivation assay in antagonist mode (TAantag)
In antagonist mode, the assay was run as above except that the
cells were treated by gradient concentrations (0–50 μM) of the
tested compounds with 100 nM Dex. The control wells were
included on each plate to deﬁne 0% inhibition (DMSO) and 100%
inhibition (1 μM mifepristone) of the Dex response.
%inhibition ¼ 100 ´

max  x
max  min

(2)

Transrepression assay
HeLa cells were cultured in 5% CSS DMEM media in 96-well plates
for 24 h. Then cells were transfected with 71 ng of GRɑ, 5 ng of
Renilla and 24 ng of NF-κB-Luc or 5 × AP-1-Luc by lip3000
transfection reagent for 24 h. For transrepression, cells were
treated with either TNF-α at 5 ng/mL (for NF-κB reporter) or PMA
at 1 ng/mL (for AP-1 reporter), together with the indicated
compounds. Cells were harvested by addition of 1× Passive Lysis
Buffer (Promega, USA; # E1910), and luciferase activity was
analyzed by the Dual-Glo Luciferase system (Promega, USA; #
E1910). The control wells with DMSO and 10 μM Dex were
included on each plate to deﬁne the 100% and 0% effects of NFκB or AP-1 transcriptional activity, respectively.
%effect ¼ 100 ´

x  min
max  min

(3)

In vitro GR ligand binding assay
The binding of the tested compounds toward GR was assessed
with the LanthaScreen® TR-FRET GR Competitive Binding Assay
(Invitrogen Life Technologies; USA). The data were plotted as a
standard competition curve by GraphPad Prism 6. The values
presented in Fig. 1a were normalized and the DMSO group was
deﬁned as 100% effect.
Cell cytotoxicity assay
We evaluated the toxicity of the compounds purchased from
Chemdiv. At ﬁrst, 8 × 104 RAW264.7 cells were seeded in 96 plates
and incubated overnight. Then cells were treated with 25 μM
compounds for 24 h. The cell growth was evaluated with MTT
assay. Furthermore, the inherent toxicity of the hit was evaluated
with 3T3 and HepG2 cells. Cells were seeded in DMEM media at a
density of 5 × 103 cells per well and treated with indicated tested
compounds (0–50 μM) for 48 h. The cell viability was evaluated as
previously described [43].
Real-time quantitative PCR
1 × 106 RAW264.7 cells or 5 × 105 A549 cells were seeded in 12
well plates and cultured in 3% CSS DMEM media. After 24 h, the
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RAW264.7 cells were stimulated with 20 ng/mL LPS and 10 μM
tested compounds. A549 cells were stimulated with 1 ng/mL PMA
and 10 μM tested compounds. Eighteen hours later, total RNA was
isolated from cells using the EZ-10 DNAaway RNA Mini-Preps Kit
(Sangon Biotech, China) and cDNA was generated using the Hifair®
III 1st Strand cDNA Synthesis SuperMix (YEASEN, China). Diluted
cDNA was mixed with the forward primer, reverse primer, SYBR
Green PCR Master Mix (YEASEN, China), and RNase-free water.
Analysis of mRNA expression was carried out using the Applied
Biosystems QuantStudio 3. The threshold cycles (Ct) for the control
(GAPDH) and gene of interest were determined. All the samples
were normalized to the level of GAPDH and the relative mRNA
levels were calculated by the 2−ΔΔCt method. All primers are listed
in Supplementary Table S2.
OPG and RANKL analysis
MG-63 cells were plated into 6-well plates at a concentration of
5 × 104 per well. After 24 h, cells were treated with the indicated
test compounds and cultured for other 24 h. The RNA was isolated
and analyzed by qPCR as above.
The selectivity on other nuclear receptors
PR and MR. PC3 and 293T cells were cultured in 3% CSS
DMEM media with 1 × 104 cells/well in 96-well plates for 24 h,
respectively. For PR assay, PC3 cells were transfected with 50 ng
hPR, 50 ng ARR3tk-luciferase and 5 ng Renilla per well by lip3000
transfection reagent for 24 h. For MR activity, 293T cells were
transfected with 71 ng pCMV-hMR, 24 ng pGL4.36[luc2P MMTV
Hygro] and 5 ng Renilla per well by lip3000 transfection reagent
for 24 h. For PR selectivity, cells were treated with 10 nM
progesterone or indicated compounds and cultured for 16 h.
Then the luciferase activity was measured as described above. For
MR selectivity, cells were treated with 10 nM aldosterone or
indicated compounds and cultured for 16 h. Then the luciferase
activity was measured as described above.
AR. To investigate the agonist activity of the selected compounds on AR, the eGFP AR transcriptional activity was
performed as previously described [43]. Brieﬂy, For AR selectivity,
cells were treated with 10 nM DHT or indicated compounds and
cultured for 72 h. Then the ﬂuorescence was measured by
Synergy H1 (BioTek, USA; excitation, 485 nm; emission, 535 nm).
Control wells with DMSO or hormone at 10 nM were included on
each plate to deﬁne the 0% and 100% activation effects,
respectively. Raw data were transformed to % activation with
the following equation:
%activation ¼ 100 ´

x  min
max  min

(4)

GR knockdown
SiRNA knockdown assays were performed to evaluate whether the
compounds exerted anti-inﬂammation activity via the GR signaling pathway. The targeting siRNA for GR knockdown and nontargeting control (SiRNA NC or SiNC) were purchased from Biomics
Biotech (Nantong; China). A549 cells were seeded to 60%
conﬂuency and transfected with 50 nM siRNA oligonucleotides
using Lipofectamine3000 (Thermo, USA). After transfection with
siRNA for 48 h, cells were treated with vehicle, 20 ng/mL TNF-ɑ
with or without the tested compounds for 24 h. And then the total
RNA was extracted as described as above. Q-PCR technology and
Western blot technology were used to detect the mRNA and
protein levels of GR, respectively. The anti-GR antibody (# 5153)
was from Cell Signaling Technology.
The SiGR oligonucleotides were used:
SiGR-F: 5’-AAGCUUUCCUGGAGCAAAUAU-3’
SiGR-R: 5’-AUAUUUGCUCCAGGAAAGCUU-3’
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RNA-seq
RAW264.7 cells were treated with 10 μM Dex or HT-15 combined
with 20 ng/mL LPS overnight. Each treatment was duplicated. On
the following day, RNA samples were isolated with triazole
reagent and sequenced by the Hiseq-PE150 (Novogene, Beijing,
China). The raw expression data were processed and normalized
as we reported previously [44].
First, the mouse reference genome GRCm38 was downloaded
from the Ensembl web site (https://www.ensembl.org). Four
FASTQ ﬁles containing the paired-end sequence reads were
aligned to the mouse reference genome using HISAT2 (version
2.1.0) [45]. The output SAM (sequencing alignment/map) ﬁles
were converted to BAM (binary alignment/map) ﬁles and sorted
using SAMtools (version 1.9) [46]. Next, HTSeq (version 2.0.) [47]
counts for each gene how many aligned reads overlap its exons
via referring to the mouse genome annotation ﬁle GRCm38.102.
gtf downloaded from Ensembl website (https://www.ensembl.
org). These counts were then used to determine the differentially
expressed genes (DEGs) using the DESeq2 method [48]. Only the
reads mapping unambiguously to a single gene were counted,
whereas the reads aligned to multiple positions or overlapping
with more than one gene were discarded. DEGs were deﬁned as
the genes whose false discovery rate (FDR) adjusted P value < 0.1
and |Log2fold change| > 1. To identify biological processes and
pathways that are signiﬁcantly enriched by DEGs, the gene list was
analyzed using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (version 6.8) [49].
Confocal microscopy
A549 cells were seeded on sterile coverslips in 5% CSS DMEM
media and incubated for 24 h, and then the cells were treated
with the 10 μM tested compounds for 2 h. After aspiration of the
media, cells were ﬁxed in 4% paraformaldehyde and incubated
with anti-GR antibody overnight. An Alexa-488 conjugated goatanti rabbit lgG (Cell Signaling Technology, USA; # 4412) diluted at
1:1000 was used as the secondary antibody. Cell nuclei DNA was
visualized by 4′,6-diamidino-2-phenylindole (DAPI) staining (Beyotime, Shanghai; China). Images were recorded at 60 magniﬁcation
using the Nikon A1R confocal spinning disk microscope (NiKon,
Japan).
Data and statistical analysis
Statistical analyses were performed with the GraphPad Prism
software v 6.0. The results were presented as the mean ± SD
unless stated otherwise. The number of replicates was 5 or 6 per
group for each data set. A two-tailed Student’s t test was utilized
to evaluate the differences of two groups. The differences were
analyzed with one-way analysis of variance (ANOVA), followed by
Dunnett’s post hoc test between more than two groups. Some
results were normalized to the control to avoid unwanted sources
of variation. *(P < 0.05) was deﬁned as signiﬁcant between groups;
ns (P > 0.05) was not signiﬁcant.
RESULTS AND DISCUSSION
Evaluation of candidate compounds
The crystal structure of the GR LBD (PDB entry: 5G5W) was used as
the template for docking-based virtual screening, and 54 potential
GR modulators were obtained. Then, the inherent toxicity of these
compounds toward RAW264.7 cells was evaluated at 25 μM, and
the compounds that inhibited the growth rate of RAW264.7 cells
lower than 30% were considered to have no signiﬁcant inhibitory
effect (Supplementary Fig. S1).
Most GR agonists such as Dex and prednisone exert their antiinﬂammatory effects through the GR signaling pathway. The
stimulated GR reduces the expression of certain inﬂammatory
cytokines by inhibiting other pathways mediated by certain
transcription factors such as AP-1 and NF-κB [16, 50]. At ﬁrst, we

evaluated the transrepression activities of the candidate compounds by the NF-κB-dependent luciferase assays. We cotransfected the full-length GR, NF-κB-luc and Renilla plasmids
into HeLa cells and stimulated the cells with human TNF-α and 10
μM tested compounds to evaluate their activities in vitro. A total of
10 compounds reached ~50% inhibition compared with the TNF-α
control group (Supplementary Fig. S2). Then, the 10 compounds
were submitted to the GR competitive binding assay at a
concentration of 10 μM, and three hits (HT-15, HT-34 and HT-36)
were discovered to bind to GR (Fig. 1a, b). Afterwards, two cellbased reporter systems were used to examine the repression of
the NF-κB-dependent transcription and AP-1-dependent transcription of the hits. The transrepression effect of 10 μM Dex was
deﬁned as 100% inhibition in both systems. In the NF-κB reporter
assay, HT-15 showed a lower potency relative to Dex. The IC50
values of HT-15 and Dex were 1.86 ± 0.26 μM and 14.03 ± 2.19 nM,
respectively (Fig. 1c). In the AP-1 reporter assay, the repression IC50
values of HT-15 and Dex were 1.06 ± 0.029 μM and 48.79 ± 7.1 nM,
respectively, which are consistent with the results of the NF-κB
reporter assay (Fig. 1d). The transrepression activities of HT-34 and
HT-36 were lower than that of HT-15. Therefore, HT-15 showed the
best anti-inﬂammatory potency among the three hits and was
selected for further analysis.
It has been widely acknowledged that the side effects of GCs
are mainly associated with the transactivation activity of GR [51].
Therefore, we established a stable MMTV-Luc expressing cell line
to further evaluate the effect of HT-15 on the GR transactivation
activity. In this assay, HT-15 did not show any potency while the
EC50 of Dex was 4.5 ± 0.001 nM (TAag mode, Fig. 1e). In addition, in
the mode of TAantag which measures the inhibition on the Dexinduced transactivation, HT-15 exhibited inconsiderable effect
compared with the GR antagonist mifepristone and a reported
SGRM Azd9567 (Fig. 1f). In conclusion, HT-15 demonstrated a
better proﬁle on the transactivation activity of GR, indicating that
it probably induces less adverse effects. Furthermore, HT-15 did
not inhibit the proliferation of NIH-3T3 cells, HepG2 cells, A549
cells, and MG-63 cells (Fig. 1g, h, Supplementary Figs. S3–4), and
showed moderate effect on the growth of HeLa cells, Chang cells,
and GES-1 cells (Supplementary Figs. S5–7) only under high
concentrations above 10 μM, exhibiting a relatively safe proﬁle.
HT-15 targets GR
We investigated the afﬁnity of HT-15 to GR with the LanthaScreen®
TR-FRET GR Competitive Binding Assay at gradient concentrations.
In the in vitro binding assay, HT-15 did display binding afﬁnity
with GR but relatively lower than Dex (EC50 HT-15 = 0.53 ± 0.05 μM
and EC50 Dex = 2.25 ± 0.9 nM, Fig. 2a, b). To analyze whether the
anti-inﬂammatory activity of HT-15 is truly related to GR, we
knocked down the endogenous GR in A549 lung epithelial cells by
small interfering RNA (SiRNA) (Fig. 2c, d) [52]. After the knockdown
of the endogenous GR (A549-SiGR), COX-2 was downregulated by
HT-15 and Dex, but the inhibitory effect was not as strong as the
control group in which GR was normally expressed (Fig. 2e). The
relative RNA expression of IL-6 was not suppressed by either Dex
or HT-15 compared with the control group (Fig. 2f). In general, our
results conﬁrm that the anti-inﬂammatory effect of HT-15 is mainly
associated with the GR signaling pathway.
In addition, a true GR ligand is supposed to efﬁciently promote
the GR nuclear translocation in which the translocation of GR into
the nucleus is a key step for GCs to exert their anti-inﬂammatory
effects [53]. Similar to Azd9567 and Dex, HT-15 promoted the
translocation of GR from the cytoplasm to the nucleus (Fig. 2g).
Taken together, HT-15 is a promising non-steroidal GR modulator.
HT-15 exhibited anti-inﬂammation activity through GR signaling
pathway
The anti-inﬂammatory effects of GCs are partially mediated via the
inhibition of a vast number of pro-inﬂammatory cytokines, such as
Acta Pharmacologica Sinica (2022) 0:1 – 10
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Fig. 1 HT-15 is a potent GR modulator. a The relative GR competitive binding activity of the potent compounds (10 µM) was analyzed using
the LanthaScreen TR-FRET GR competitive binding assay (n = 3). b The chemical structures of Dex, HT-15, HT-34, and HT-36. c, d The
transrepression activity of the compounds on the NF-κB and AP-1 signaling pathway (n = 4). e The evaluation of the HT-15 transactivation
activity in the MMTV-Luc reporter assay (n = 4). f The inhibition activities of mifepristone, Azd9567, and HT-15 against Dex in the TAantag
MMTV-Luc reporter assay (n = 4). g, h The toxicity of HT-15 on 3T3 and HepG2 cell lines (n = 3).
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Fig. 2 HT-15 targets GR. a, b The LanthaScreen TR-FRET GR competitive binding assays of Dex and HT-15 (n = 4). c SiGR were transfected into
A549 cells. After 48 h, the GR knockdown efﬁciency was determined with Q-PCR and Western blot (n = 5). d After knockdown, the mRNA
expression levels of GR (n = 6). e, f The mRNA expression levels of IL-6 and COX-2 in normal A549 cells or in siRNA-treated control groups.
Values were presented as mean ± SD. *P < 0.05 versus TNF-ɑ stimulated group (n = 6 in each group). g Effect of the compounds on GR nuclear
localization. A549 cells were treated with the tested compounds (10 μM, 2 h) to visualize the nuclear accumulation of GR. (scale bar = 50 μm).
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IL-1β, IL-6 and cyclooxygenase-2 (COX-2), by the transrepression
mechanism or so-called tethering mechanism [54]. Macrophage
cells play a key role in the initiation of inﬂammation response.
Therefore, we conducted a transcriptome analysis with mouse
macrophage RAW264.7 cells. To examine the overall antiinﬂammatory activity of HT-15, the gene regulation pattern of
HT-15 was proﬁled with Dex in parallel. The numbers of the
repressed genes regulated by HT-15 and Dex are 143 and 117
respectively, and 56 are commonly repressed by both. Whereas,
less than 15% induced genes are commonly induced by HT-15
and Dex (Fig. 3a). A pathway analysis of the 56 common genes
regulated by HT-15 and Dex showed that the three most
repressed pathways are TNF-α signaling pathway (Kegg pathway
# mmu04668), hematopoietic cell lineage (Kegg pathway #
mmu04060) and cytokine-cytokine receptor interaction (Kegg
pathway # mmu04060) (Supplementary Table S3). Similar to Dex,
HT-15 showed strong repression for a number of proinﬂammatory cytokines such as IL-1β, IL-6, IL-33 and TNF-α
[12, 54]. The expression of pro-inﬂammatory cytokines triggers
inﬂammatory response, and the inhibition of the cytokines is
extremely important in immune regulation in patients with allergy,
asthma, and other inﬂammatory diseases. In addition, in contrast
to Dex, HT-15 was effective on the repression of cytokine
signaling-3 (SOCS3) in macrophages. It has been reported that
SOCS3 was upregulated in macrophages after infection and
inﬂammation in different myeloid and lymphoid cell populations
as well as in diverse non-hematopoietic cells. Furthermore, SOCS3
inhibited the TGFβ1/Smad3 signaling pathway, leading to
enhanced LPS responses in macrophages [55]. The downmodulation of the SOCS3 expression might be effective in
preventing the development of severe inﬂammatory diseases.
We then validated the results by assessing the effect of HT-15 on
the repression of proinﬂammatory cytokines by quantitative PCR,
such as IL-1β, IL-6, COX-2, CSF-2, TNF-α, CCL-2, and SOCS3 (Fig. 3b).
As expected, HT-15 repressed the LPS-induced transcription of a
variety of proinﬂammatory genes such as IL-1β, TNF-α and COX-2,
as efﬁciently as Dex. Moreover, HT-15 had a much higher
repression activity on IL-6, CCL-2 and CSF-2 than Dex. Specially,
SOCS3 was downregulated only by HT-15 but not Dex in
RAW264.7 cells. Then the repression effects of HT-15 on IL-1β,
IL-6 and COX-2 were also assessed in PMA-stimulated A549 cells,
further conﬁrming that HT-15 did inhibit the expression of proinﬂammatory cytokines (Fig. 3c). In addition, how FKBP5 is
affected by HT-15 was also analyzed. FKBP5 is one of prominent
GR upregulated genes, and it functions as a co-chaperone of GR,
reduces the GCs-binding afﬁnity to GR and decreases GR signaling
capacity [12, 56]. We found that HT-15 did not induce the
expression of FKBP5 in RAW264.7 while enhanced the expression
of FKBP5 in A549 cells (Fig. 3b, c). The difference may be
determined by the cell type-speciﬁc effects of GCs on the
regulation of genes and signaling pathways [57]. Taken together,
HT-15 exerted potent anti-inﬂammatory effects in vitro through
the GR signaling pathway.
HT-15 reduced the side effects caused by GCs
As a transcription factor, GR belongs to the traditional steroid
nuclear receptors (NRs), which also includes AR, PR, ER and MR.
The activation of other NRs, such as PR and MR, is the major offtarget effect caused by GCs due to their high structural similarity
to GR [19, 21]. Therefore, we evaluated the off-target activity of
HT-15 at various concentrations on AR, PR and MR. HT-15
displayed negligible activation effects on the three NRs, while
Dex showed strong activation effects on the three NRs (Fig. 3d–f).
Apparently, HT-15 has excellent selectivity for GR over the other
three NRs, which would help to reduce the side effects caused by
off-target.
The loss of bone is a well-known and unwanted phenomenon in
the GCs treatment of patients with pulmonary, rheumatologic,
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autoimmune and hematopoietic diseases. Though the precise
mechanism of GCs-induced bone loss remains unclear, a wellaccepted theory is the imbalance between bone resorption and
formation. Receptor activator of nuclear factor-κB ligand (RANKL)
binds to receptor activator of nuclear factor-κB (RANK) to activate
NF-κB and nuclear factor of activated T cells c1 (NFATC1), which
stimulates osteoclast differentiation. The interaction between
RANKL and RANK plays a pivotal role in the progress of osteoclast
differentiation and function. Osteoprotegerin (OPG), a decoy
receptor for RANKL, competitively disrupts the interaction
between RANKL and RANK, and then inhibits osteoclast genesis
and increases bone density in vivo. OPG is always regarded as a
viable biomarker for bone formation rate [58, 59]. The OPG/RANKL
ratio can be considered as an essential marker of osteoclast
activation status, and the elevation of OPG/RANKL is favorable for
bone formation. To evaluate the potential effect of HT-15 on bone,
the mRNA expressions of OPG and RANKL were examined in
human MG-63 cells and the OPG/RANKL ratio was determined.
Though the mRNA expression of OPG was repressed by all the
tested compounds, the expression level of the HT-15-treated
groups was relatively higher than those of the Dex- and Azd9567treated groups (Fig. 3g). The RANKL expression levels did not have
signiﬁcant difference between the groups (Fig. 3h). In addition, the
results of OPG/RANKL were similar to those of OPG (Fig. 3i). In our
assay, all the tested compounds showed repression on OPG, but
the inhibitory effect of HT-15 is much weaker than those of Dex
and Azd9567. Our experimental data manifest that HT-15 has
reduced side effects on bone formation.
Binding mode analysis of HT-15 to GR LBD
Our experiments conﬁrmed that HT-15 has potent antiinﬂammatory effects and reduced side effects in vitro. To
understand the molecular basis of HT-15, MD simulations were
performed to investigate the interactions between the GR LBD
and Dex or HT-15. The RMSDs of HT-15 tend to converge after
~300 ns, while those of Dex are quite stable during the whole
simulations with the RMSD ﬂuctuations within 0.5 Å (Fig. 4a). The
above results indicate that HT-15 is slightly more unstable in the
ligand binding site of the GR LBD than Dex.
The snapshots from 450 to 500 ns were extracted from the MD
trajectory for the subsequent structural and energetic analyses. As
shown in Fig. 4b, the 10 top-ranked residues for the binding of HT15 to the GR LBD predicted by the per-residue MM/GBSA free
energy decomposition are Leu563, Leu608, Met604, Met601,
Cys736, Asn564, Gln570, Trp600, Leu566 and Leu732. The
structural analysis indicates the residue Leu563 forms hydrogen
bond interactions with HT-15 to stabilize the binding of HT-15
(Fig. 4c). The benzene group of HT-15 forms hydrophobic
interactions with Leu608, Met604 and Leu566.
To further characterize the binding difference between Dex and
HT-15, the binding spectra of Dex and HT-15 were compared
(ΔΔG = ΔGDex – ΔGHT-15). The positive values indicate that these
residues form stronger interactions with HT-15 than Dex, while the
negative values indicate that these residues form stronger
interactions with Dex than HT-15 (Fig. 4b). It can be observed
that most residues have similar energetic contributions to Dex and
HT-15. However, the contributions of the residues of Leu563,
Asn564, Leu608, Gln642, Tyr735 and Thr739 to Dex and HT-15 are
quite different. The structural analysis shows that Dex can reach
into the ligand binding site deeper than HT-15, and therefore the
residues of Asn564, Gln642, Tyr735 and Thr739 in the deep ligand
binding site can form stronger interactions with Dex than with HT15 (Fig. 4d). In addition, the binding of HT-15 causes H12 to swing
inward, and the volume of AF2 becomes smaller, which is not
conducive to TIF2 binding (Supplementary Fig. S8) [60]. According
to the above energetic and structural analyses, HT-15 bound in the
shallower pocket will reduce the binding afﬁnity with the GR LBD,
but its side effects will be reduced.
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Fig. 3 HT-15 exerts anti-inﬂammation effects in vitro and potentially reduces the side effects caused by GCs. a Venn diagrams of genes
regulated by HT-15 and Dex in LPS (20 ng/mL) stimulated RAW264.7 cells and the gene expression proﬁle of commonly induced or repressed
genes by both HT-15 and Dex (n = 3). b Validation of the repressed genes (IL-1β, IL-6, TNF-ɑ, CCL-2, CSF-2, SOCS3, and COX-2) of HT-15 by
Q-PCR and the effects of HT-15 on FKBP5 mRNA expression in RAW264.7 cells (n = 5). Values are presented as mean ± SD. *P < 0.05 versus LPS
stimulated group. c The effect of HT-15 on the mRNA expressions of IL-1β, IL-6, COX-2 and FKBP5 in PMA-stimulated A549 cells (n = 5). Values
are presented as mean ± SD. *P < 0.05 versus PMA-stimulated group. d–f An examination of the off-target effects by the reporter assays for AR,
PR and MR (n = 4). g–i The inﬂuence of HT-15 on the mRNA expressions of OPG and RANKL (n = 5). *P < 0.05 versus DMSO treated group.

CONCLUSION
For the therapy of several inﬂammatory and immune diseases,
GCs maintains the dominance in the clinical application. However,
multiple undesirable side effects of GCs limited their long-term
use. Relevant therapeutic human monoclonal antibodies have
been developed, but inconvenient for dosing and unfriendly in
expense. Developing novel dissociated ligands of GR is probably
an effective solution. In this work, we described a novel
SGRM HT-15 discovered by virtual screening and bioassays. As
expected, HT-15 was capable of dissociating transactivation from

transrepression without cell toxicity. And HT-15 exhibited obvious
binding afﬁnity to the ligand binding pocket of GR. The predicted
binding mode of HT-15 and GR LBD reveals that the hydrophobic
interactions and the hydrogen bond interactions (residues Leu563
and Gln642) play crucial roles in stabilizing the binding of HT-15 to
GR LBD. Besides, the GR knockdown assay and GR translocation
assay further prove that the bioactivities of HT-15 are associated
with GR. In addition, the inhibition on pro-inﬂammatory cytokines
and chemokines has been shown to be an effective strategy for
the treatment of diseases related to inﬂammation. It is observed in
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Fig. 4 The MD simulations and key residues in the GR LBD for the binding of HT-15. a The time evolution of the RMSDs of the heavy atoms
of HT-15 and Dex. b The energy differences between Dex and HT-15. The small ﬁgure is the 10 top-ranked residues in the GR LBD responsible
for the binding of HT-15 predicted by MM/GBSA. c The structural analysis of the 10 top-ranked residues to the binding of HT-15. d Alignment
of the representative structures of Dex (pink) and HT-15 (cyan) bound to the GR LBD. The residues that form stronger interaction with Dex
than with HT-15 are highlighted in green. The residues that form stronger interaction with HT-15 than with Dex are highlighted in violet.

the gene expression analysis that the three most repressed
pathways by HT-15 and Dex are the TNF-ɑ signaling pathway,
hematopoietic cell lineage, and cytokine-cytokine receptor interaction. Especially, TNF-ɑ signaling pathway and cytokine-cytokine
receptor interaction play crucial roles in the cellular inﬂammatory
response [54, 61]. Further analysis shows that HT-15 has strong
inhibition on the expression of pro-inﬂammatory cytokines such as
IL-1β, IL-6, TNF-ɑ, and COX-2. Furthermore, HT-15 displays no crossactivity with AR, PR, or MR, and much weaker inhibition on OPG
than Dex and Azd9567. In summary, HT-15 owns considerable antiinﬂammation activity and meanwhile causes less adverse effects
compared to Dex and Azd9567, which is a novel “dissociated”
GR modulator and deserves further chemical modiﬁcation and
investigation.
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