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Discovery and optimization of novel, non-steroidal
glucocorticoid receptor modulators
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Abstract—A virtual screening approach comprising a 3-D similarity search based on known GR modulators was used to identify a
novel series of non-steroidal glucocorticoid receptor (GR) antagonists. Optimization of the initial hit to provide potent compounds
which exhibit good selectivity against other steroidal nuclear hormone receptors is described.
� 2007 Elsevier Ltd. All rights reserved.
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In the US, major depression is second only to ischemic
heart disease as a cause of disease burden, affecting 15
million Americans each year. Major depressive disorder1

(unipolar depression) is characterized by depressed
mood, sleep disturbances (sleeping too much or too lit-
tle), attenuated concentration and energy levels, and sui-
cidal thoughts. Patients presenting with psychotic major
depression (PMD) show the above symptoms and, addi-
tionally, psychotic symptoms such as delusions and hal-
lucinations, which are typically auditory. They are also
approximately 70 times more likely to commit suicide
than the general population. There has been uncertainty
in the psychiatric community over whether PMD consti-
tutes a distinct syndrome,2 although more recent evi-
dence3 indicates that patients with PMD comprise an
endocrinologically distinct subset that is hypercortiso-
lemic. It is hypothesized that excessive activation of
the hypothalamic–pituitary–adrenal (HPA) axis leads
to the observed psychosis, and that antagonism of glu-
cocorticoid receptors (GRs) in the brain may be benefi-
cial. GR antagonism causes a rapid rise in cortisol by
blocking the feedback mechanism that regulates cortisol
production, possibly leading to a downregulation of the
mineralocorticoid receptor (MR). This may lead to a
perturbation of the HPA axis and a subsequent ‘reset-
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ting’ of the HPA’s normal rhythm. Mifepristone (RU-
486) is an antagonist of both the progesterone receptor
(PR) and the GR, and has been demonstrated to
improve the psychotic and depressive symptoms ob-
served in PMD.4 We were therefore interested in identi-
fying a GR-selective antagonist that might show a
cleaner profile in vivo.

Virtual screening. 3-D similarity searches were carried
out based on three known GR antagonists (Fig. 1) using
Abbott compound 130

Figure 1. Query structures used for 3-D similarity searches (both

enantiomers of the Abbott compound were used and for expediency,

the chloroalkyl chain was truncated to a methyl group).
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the FlexS program.5 Owing to the computational time
required by FlexS, it was necessary to create a focused
database of compounds for searching using the proper-
ties of the known antagonists as a guide. A number of
filtering and clustering steps were used to reduce a col-
lection of ca. 718,000 commercially available screening
compounds to a set of 862, which comprised the FlexS
database for the searches.

Low-energy reference conformers of the compounds in
Figure 1 were identified using conformational searches
carried out in Macromodel6 (Low Mode, MMFFs
forcefield, GB/SA solvent model). FlexS was then used
in its flexible superposition mode to overlay the data-
base compounds on each of the reference structures.
The highest scoring alignments from each of the
searches were visually assessed and promising com-
pounds selected for further consideration.

From the four searches, 123 compounds of interest were
identified. Following the removal of duplicates and
any compounds containing undesirable features, 91
remained. Clustering (0.85 Tanimoto similarity thresh-
old, Daylight fingerprints7) to remove redundant com-
pounds provided a set of 78 compounds. This list was
refined further by more detailed examination and consid-
eration of supplier reliability to give a final list of 18 com-
pounds from four suppliers. These compounds were
obtained and screened in the GR binding assay described
below, providing 1 (Fig. 2) with a Ki value of 4.5 lM.

Affinity for GR was determined by ligand binding mea-
suring displacement of [3H]dexamethasone from recom-
binant baculovirus derived human GR.8 Functional
activity at human GR was determined in SW1353/
MMTV-5 cells transfected with a plasmid encoding fire-
fly luciferase located behind a glucocorticoid response
element (GRE).8 GR antagonist activity was measured
as inhibition of dexamethasone induced luciferase
expression. Selected compounds were tested for GR
agonist activity in the same functional screen by
performing the assay in the absence of dexametha-
sone—no compounds tested demonstrated any agonism.
Selectivity over the estrogen (ERa), androgen (AR),
mineralocorticoid (MR), and progesterone (PR) recep-
tors was determined by ligand binding assays.9

2-D substructure and similarity searches were carried
out around 1 using the full 718,000-compound database
and a further 11 compounds were selected for purchase.
The screening of these led to the discovery of 2 (Fig. 2),
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Figure 2. Initial hit from virtual screening.
displaying an activity of 33 and 300 nM in the binding
and the functional GR assays, respectively. In selectivity
screens, 2 showed 100-fold selectivity over the mineralo-
corticoid receptor (MR) and 21-fold selectivity over the
progesterone receptor (PR).

A final round of follow-up searching was carried out
around 2 and 27 additional compounds were obtained
for screening. This led to the identification of 3
(Fig. 2), the most potent compound found by virtual
screening, with a Ki value of 16 nM in the GR binding
assay and 135 nM in the GR functional assay.

Synthetic chemistry efforts commenced with examination
of the 6-substituent using the route outlined in Scheme 1.

Reaction of the appropriate benzyl malonate with a suit-
ably substituted urea gave the pyrimidinetrione in mod-
erate (R1 = H) or good (R1 = Me) yields. Chlorination
under forcing conditions gave the 6-chloropyrimidined-
iones in approximately 50% yields. These were function-
alized by treatment with a range of amines, optionally in
a microwave synthesizer.

Data for a range of compounds thus prepared are shown
in Table 1. All initial investigations were made around
the 5-unsubstituted benzyl scaffold, since 4 was shown
to have a similar level of potency to 3. A large lipophilic
group such as phenyl or benzyl at the 4-piperidyl position
was preferred, since a 4-methyl piperidine analogue was
shown to be inactive (13). The nature of attachment of
the phenyl ring to the piperidyl group was also impor-
tant: ring fusion (8), or chains longer than a methylene
spacer (14, 15) resulted in attenuated potencies. Replace-
ment of the methylene with an oxygen (6) or a carbonyl
(16) also reduced potency, indicating that the receptor
tolerates only lipophilic moieties at this position. Re-
moval of the methylene spacer completely to give 5
yielded an equipotent compound. A 3-methyl group
was not required as illustrated by 11 and 12, and methyl-
ation of the N-1 position was shown to be deleterious (7).

Exploration of the effects of modifying the 5-benzyl sub-
stitution pattern showed that once again (Table 2), more
polar groups were not tolerated, with 2- and 3-substitu-
tion favored over 4-substitution. It is interesting to note
O OEt NO O

R3

O

N

N

R1

O Cl
R3

NR2
2

O

N

N

R1

O
R3

RR

(b)

(c)

Scheme 1. Reagents and conditions: (a) R3HNC(@O)NHR1, NaOEt,

85 �C, 18 h; (b) POCl3, 87% H3PO4, 100 �C, 3h; (c) HNR2
2,

MeOCH2CH2OH, 140 �C, 48 h.



Table 1. GR binding affinities and functional potencies for a range of 6-amino substituted pyrimidinediones

N

N

O

O X

R1

R3

Compound R1 R3 X GR Binding Ki
a (nM) GR Funct. Ki

b (nM)

4 Me H N 24 100

5 Me H N 20 190

6 Me H
N

O
78 nt

7 H Me N 11% nt

8 Me H N 23% nt

9 Me H
N

OH

360 nt

10 Me H NN 470 nt

11 H H N 19 150

12 H H N 8.1 93

13 Me H N 2% nt

14 Me H

N

154 nt

15 Me H N 18% nt

16 Me H

N

O

227 nt

a Values are means of two experiments. % values are % inhibition at 1 lM.
b nt, not tested.
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the poorer potency of 23 compared to 22 especially as 20
shows that a large group can be tolerated at the 3-posi-
tion. Gratifyingly, the more potent compounds also
showed good levels of potency in the GR functional
assay.

Similar probing of the substitution on the 5-((4-phenyl)-
1-piperidyl) ring showed little tolerance for 4-phenyl
substitution and no substitution pattern gave improved
binding or functional potency over the non-substituted
analogue, Table 3. Addition of small (Cl- or MeO-) sub-
stituents at the 2- or 3-positions is tolerated, but there
appears to be less ability to substitute at the 4-position.
Replacement of the 5-((4-phenyl)-1-piperidyl) group by
a 5-((3-phenyl)-1-piperidyl) group (33) gave a potent
compound with poorer functional potency, and by a 5-
(3-phenyl)-1-pyrrolidinyl group (34) led to attenuated
potency, Figure 3.



Table 2. Effect of substitution in the 5-benzyl ring on GR binding and

functional potencies

N

N

O

O N

H

H

R

Compound R GR binding Ki
a (nM) GR funct. Ki

b (nM)

12 H 8.1 93

17 2-Cl 8.7 50

18 3-Cl 9.1 96

19 4-Cl 31 260

20 3-Br 14 65

21 4-CN 37% nt

22 3-CN 37 nt

23 3-OMe 31% nt

a Values are means of two experiments. % values are % inhibition at

1 lM.
b nt, not tested.

Table 3. Effect of substitution in the 5-benzyl ring on GR binding and

functional potencies

N

N

O

O N

H

H
R

Compound R GR Binding

Ki
a (nM)

GR funct.

Ki
b (nM)

12 H 8.1 93

24 4-OMe 45 nt

25 2-OMe 7.1 88

26 3-Indolyl 40 nt

27 3-Pyridyl 14% nt

28 3-NHCOCH3 11% nt

29 4-Cl 103 nt

30 3-Cl 4.9 97

31 4-NHCOCH3 46 nt

32 3-OMe 9.2 158

a Values are means of two experiments. % values are % inhibition at

1 lM.
b nt, not tested.

Table 4. Nuclear hormone receptor selectivity data for selected

compounds

Compound Receptor binding Ki
a (nM)

GR MR PR ERb ARb

11 19 20% 35% ia 24%

12 8.1 930 35% ia 17%

17 8.7 3490 34% ia ia

18 9.1 585 7050 ia ia

25 7.1 298 47% ia 30%

30 4.9 527 24% ia 13%

32 9.2 1270 15% ia 9%

a Values are means of two experiments. % values are % inhibition at

10 lM.
b ia, inactive.
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(33)
GR Ki 6.5nM
Ki (SW1353) 225nM

(34)
GR Ki 47nM
Ki (SW1353) nt

Figure 3. Replacement of (4-phenyl)-1-piperidyl group.
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The selectivities of key compounds against the other
nuclear hormone receptors PR, MR, ER (estrogen
receptor) and AR (androgen receptor) were examined,
and data for the most potent GR antagonists are shown
in Table 4. For all compounds examined, little or no
activity against ER or AR was observed. Selectivity of
>500-fold against PR was obtained, and of >40-fold
against MR.

Compound 12 was examined in a CYP panel and gave
no significant cause for concern (25% inhibition of
CYP3A4 at 1 lM). Examination of metabolism in a
human S9 system showed 94% parent remaining after
30 min. In a p.o. PK study in rats, 12 demonstrated an
AUC of 0.6 lg h/ml and Cmax of 143 ng/ml following a
5 mg/kg dose. Following a 1 mg/kg iv dosing into the
rat tail vein, 12 was detected at 45 ng/g in brain tissue
and 178 ng/ml in plasma.

In summary, GR antagonists have been identified that
show significant potencies in both binding and func-
tional GR assays, as well as selectivity over the other
nuclear hormone receptors. Of note is that these small
molecules are not steroid-like (no fused rings, chiral cen-
ters) and structurally distinct from other classes cur-
rently described.10 Work is ongoing to further
optimize the pharmacokinetic profile of these leads
and will be reported in due course.
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