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Abstract—11p-hydroxysteroid dehydrogenase type 1 (113-HSD1) is a potential target for treatment of diabetes and metabolic syn-
drome. Docking and pharmacophore modeling have been used to discover novel inhibitors of 11B-HSD1. Several compounds, with
large structural diversity and good potency against 11B-HSD1, have been found and their potency was determined by the enzyme

assay. New scaffolds of 113-HSD1 inhibitors are also reported.

© 2008 Elsevier Ltd. All rights reserved.

Glucocorticoids  regulate hepatic  gluconeogenesis
through activation of glucocorticoid receptor. Gluco-
corticoids are notably excess in Cushing’s syndrome,
which causes metabolic abnormalities, such as visceral
obesity, impaired glucose tolerance, atherosclerosis,
dyslipidemia, and hyperglycemia.!> Normalization of
glucocorticoid level can reverse the features of metabolic
syndrome.® Thus, suppression of glucocorticoid action
might be a potential therapy for metabolic syndrome.
The principal glucocorticoid is cortisol (hydrocortisone).
Cortisol concentration in target tissues is modulated by
tissue-specific enzymes: 11B-hydroxysteroid dehydroge-
nase type 1 (11B-HSDI1) and type 2 (11B-HSD2). 11p-
HSDI1, predominantly expressed in liver and adipose
tissue, catalyzes the conversion of inactive cortisone into
glucocorticoid receptor-active cortisol; while 113-HSD?2,
expressed mainly in the kidney, catalyzes the reverse
reaction. It was reported that 113-HSDI1 knockout mice
show reduced weight gain on a high-fat diet, improved
glucose tolerance and insulin sensitivity, and a decreased
hepatic gluconeogenic response to fasting.* In contrast,
animals with elevated adipose 11B-HSDI1 expression
develop metabolic syndrome-like phenotypes, such as
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central obesity and insulin resistance.’ In addition,
transgenic mice with increased 11B-HSD2 expression
in adipose tissue resist weight gain on high-fat diet,
which is associated with increased energy expenditure
and improved glucose tolerance as well as insulin sensi-
tivity.® These data suggest that 11B-HSD1 could be a
potential target for treatment of diabetes and metabolic
syndrome.”8

Numerous efforts have been made toward 11B-HSDI
and many inhibitors have been reported.”'! In the pres-
ent study, molecular docking and pharmacophore-based
database search are used to discover new 11B-HSDI
inhibitors. When our work was in progress, two in silico
studies on 11B-HSD1 were reported.!>!3 Miguet et al.
used a homology model for docking to identify 11p-
HSD1 inhibitors.!?> However, in our study, crystallo-
graphic structure rather than homology model is applied
for docking. Schuster et al. used pharmacophore model-
ing method to discover both selective and nonselective
11B-HSD1 inhibitors.'? Differently, we only choose dif-
ferent compounds with high bioactivity, selectivity, and
structural diversity to construct selective pharmaco-
phore model. Moreover, we have combined molecular
docking with pharmacophore-based database search.
The 3000 compounds used in pharmacophore-based
database search were selected by docking. Totally, we
selected 162 compounds by molecular docking and
pharmacophore-based database search. Among them,
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Table 1. Inhibition of human 11B-HSDI1?*

Compound 1Cso (M)
1 4.58
2 0.26
3 14.60
4 1.95
5 0.77
6 5.87
7 6.28
10 1.85
11 3.74
12 3.57
13 0.69
Enoxolone 11.78°

#Values are averages of three determinations and deviation from the
average is <10% of the average value.
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121 compounds were purchased and evaluated by en-
zyme assay. Several compounds with large structural
diversity show high inhibition against 113-HSD1. Inhi-
bition of human and mouse 113-HSD1 and 11B-HSD?2
enzymatic activity was determined by scintillation prox-
imity assay (SPA) using microsomes containing 110-
HSD1 or 11B-HSD2.'* Meanwhile, enoxolone was
tested as the positive control.

When the present work started, five released crystal
structures of human 113-HSD1 complex were available
(PDB entries: 1XU9, 1XU7, 2BEL, 1Y5M, and
1Y5R).'>!® Two dimers, 1YSM and 1Y5R, were not
chosen as the model for docking, because the ligands
in the binding pockets of 1 Y5M are octanes and the lim-
itation of 1Y5R is its low resolution. In 2BEL there are
two dimers in the asymmetric unit. 1XU9 and 1XU7 are
tetramers. Because of its highest resolution, 1XU9 was
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Figure 1. Structures of the active compounds.
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chosen as the model for docking. Residues within a ra-
dius of 5 A around the ligand were used to construct
the grids for docking screening. The SPECS database
containing the structural information of 190,000 chemi-
cals (http://www.specs.net) was adopted for virtual
screening. The program DOCK4.0!'7-'® was employed
for the primary screening. During the docking calcula-
tions, Kollman-all-atom charges'® were assigned to the
protein, and Gasteiger—Hiickel charges?® were assigned
to the small molecules. Conformational flexibility of
the small molecules was implemented in the docking
search. The ligand-receptor binding energy was approx-
imately set to be the sum of the van der Waals and elec-
trostatic interaction energies. After an initial evaluation
of the orientation and scoring, a grid-based minimiza-
tion was carried out for the ligand to locate the nearest
local energy minimum within the receptor binding site.
Position and conformation of each docked molecule
were optimized by using the single-anchor search and
torsion minimization method. The 3000 compounds
with the highest score resulting from DOCK4.0 search
were selected for the second round docking by using
the Glide program (Schrodinger, LLC, New York,
NY, 2005). Receptor was prepared by using the Protein
Preparation and Grid Preparation tools in the Schro-
dinger Maestro interface. The default settings were
adopted for the cutoff, neutralization, scaling, dimen-
sions of the binding pocket used for grid preparation,
and treatment of cofactor. Rigid docking was applied.
Subsequently, a chemistry space filter for scoring drug-
likeness?! developed by our group was used to remove
the nondruglike structures of the 300 compounds with
highest G scores.

Then, 62 compounds were selected for purchase but
only 39 compounds were purchased because the other
23 compounds were out of stock. These compounds
were evaluated by the enzyme assay for their inhibition
of the human and mouse 11p-HSDI1. At the concentra-
tion of 10puM, their inhibition against human
11B-HSD1 varies from 0% to 91.2%. The ICsy values
of seven compounds with high inhibition (compounds
1-7, Table 1 and Fig. 1) were determined. Three of the
39 compounds showed high inhibition of mouse 11p-
HSD1 (compounds 2, 8, and 9, Table 2 and Fig. 1).
Compounds 8 and 9 inhibited mouse 118-HSD1 with
1Cso values of 3.60 and 12.49 uM, respectively. Com-
pound 2 showed ~60% inhibition of mouse 11B3-HSDI1
at the concentration of 10 pM. However, dose-depen-
dent inhibition was not observed in subsequent study.
We were not able to get the ICsq values of compound
2. Interestingly, compounds showed different inhibition
of human 11B-HSD1 and mouse 11B-HSDI1. It might
be due to the variability of the active site of 11pB-
HSDI1 in two species® since we used crystal structure
of the human 11B-HSD1 rather than the mouse 11p-
HSD1 as the starting model for docking. In addition,
the general hydrogen-bond interaction models of com-
pounds 1-7 with the human 113-HSDI1 were studied.
As shown in Figure 2B, compound 6 forms a hydrogen
bond with the residue Thr124, while compounds 1, 3, 6,
and 7 form hydrogen bonds with the residue Tyrl83.
The ligand complexed in the crystallographic structure

Table 2. Inhibition of mouse 11p-HSD1?

Compound 1Cso (UM)
8 3.60

9 12.49

12 2.09

13 0.48

15 6.10

16 2.36
Enoxolone 10.58°

#Values are averages of three determinations and deviation from the
average is <10% of the average value.
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Figure 2. Representatives for the hydrogen-bond interaction models.
(A) Hydrogen-bond interactions between the complexed ligand and
other atoms in 1XU9.pdb. (B) Hydrogen-bond interactions of com-
pounds 1-7 with human 11B-HSD1. The broken lines in green
represent hydrogen bonds. Compounds are shown in stick represen-
tation. Residues are shown in thin sticks.

(PDB: 1XU9) forms similar hydrogen bond with the res-
idue Tyr183 (Fig. 2A). Similar hydrogen bond also ex-
ists in the two crystal structures of the human 11p-
HSD1 complexed with synthetic inhibitors (PDB:
2IRW and 2ILT).2*?* Compounds 2 and 5 form hydro-
gen bonds with the N atom in Alal72. Besides, com-
pound 2 forms two hydrogen bonds with Tyr177. The
ligand in 1XU9 forms a hydrogen bond with the residue
Tyr177, similar to compound 2. Furthermore, in 1XU9,
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Figure 3. (A) Training compounds. (B) Compound t2 fitted into Hypothesis 1. Hydrophobic features are shown in blue, Hydrogen-bond acceptor is
shown in green, and ring aromatic feature is shown in gray. H1-H4, Hydrophobic features; HA, hydrogen-bond acceptor; RA, ring aromatic feature.

the ligand forms two hydrogen bonds with co-substrate
NADP" (Fig. 2A). However, compounds 1-7 did not
form any hydrogen bond with the co-substrate.

The ligand-based pharmacophore modeling method was
also employed to discover active compounds that have
the common features of known selective inhibitors.
Based on their high bioactivity and structural diversity,
three selective compounds (Fig. 3A)%> 27 were used as
training set to build the pharmacophore model and
identify the common features. The compounds were
submitted to energy minimization and conformational
analysis (maximum number of conformers = 250; gener-
ation type: best quality; energy range = 20 kcal/mol of
minimum). The ConFirm program which is imple-
mented in Catalyst (CATALYST 4.10.; Accelrys, Inc.,
San Diego, CA, 2005, <http://www.accelrys.com/>.)
was used. Afterwards, the pharmacophore models for
highly active 113-HSD1 inhibitors were built by using
the HipHop algorithm of Catalyst.?®>° The best hypoth-
esis (Hypothesis 1) as pharmacophore model was se-
lected. As shown in Figure 3B, the model had four
hydrophobic features, a hydrogen-bond acceptor, and
a ring aromatic feature. A search among the 3000 com-
pounds selected by using program DOCK 4.0 was per-
formed with the Best Flexible Search mode and then
the fit values were calculated. Compounds with high fit
values were further filtered by druglikeness.

Finally, 100 compounds were selected and 82 of them
were purchased. The other 18 compounds were out of
stock. Again, the purchased compounds were evaluated
by enzyme assay for their inhibition against the human
and mouse 11B-HSDI1. At concentration of 10 uM, the
inhibitory rate of those compounds was in the range
from 0% to 98.0%. Of the 82 compounds, seven showed
high inhibition of human 11B-HSDI1, while five showed
high inhibition of mouse 11B-HSD1. Among the active
compounds, seven compounds that were in enough re-
serves (compounds 10-16) were put into concentra-
tion—response studies. Compounds 10-13 showed dose-
dependent inhibition of human 11B-HSD1 with ICs
values ranging from 0.69 to 3.74 uM (Table 1 and
Fig. 1). Compound 14 showed high inhibition of human
11B3-HSD1, but dose-dependent inhibition was not
observed. Compounds 12, 13, 15, and 16 showed
dose-dependent inhibition of mouse 11B-HSD1 with
ICsq values ranging from 0.48 to 6.10 uM (Table 2 and
Fig. 1).

In the following studies, mice were used as the animal
models. Therefore, more attention was paid to com-
pounds 2, 8, 9, 12, 13, 15, and 16 which showed high
inhibition of mouse 11B-HSD1 (Table 2). In order to
gain the highly selective inhibitors, these compounds
were further tested for the inhibition against the mouse
11B-HSD2. Although these compounds showed high
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Table 3. Inhibition of mouse 113-HSD2 at 100 pM*

Compound % Inhibition
2 34
8 3.7
9 2.2

12 0

13 9.1

15 0.8

16 1.6

#Values are averages of three determinations and deviation from the
average is <10% of the average value.

inhibition against the mouse 11B-HSD1 with I1Cs, values
ranging from 0.48 to 12.49 uM (Table 2), all compounds
showed low inhibition against the mouse 113-HSD?2 at
concentrations of 10 and 100 uM. Inhibition of mouse
11B-HSD?2 at concentrations of 100 uM is listed in Table
3. It can be seen that all the compounds had excellent
selectivity between the mouse 11B-HSD1 and 11pB-
HSD2.

In summary, by using docking and pharmacophore
modeling, several compounds showing high inhibition
against 11B-HSDI1 have been discovered. Moreover, se-
ven mouse 11B-HSDI1 inhibitors show low inhibition of
mouse 11B-HSD2 even at high concentration of 100 uM,
which suggests they are selective 113-HSDI1 inhibitors.
Additionally, the active compounds show large struc-
tural diversity and provide some new scaffolds for fur-
ther study.
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