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Series of benzyl-phenoxybenzyl amino-phenyl acid derivatives (8a–q) are reported as non-steroidal GR
antagonist. Compound 8g showed excellent h-GR binding and potent antagonistic activity (in vitro).
The lead compound 8g exhibited significant oral antidiabetic and antihyperlipidemic effects (in vivo),
along with liver selectivity. These preliminary results confirm discovery of potent and liver selective
passive GR antagonist for the treatment of T2DM.

� 2012 Elsevier Ltd. All rights reserved.
In healthy person, glucose homeostasis is tightly controlled by
two counter-regulating hormones; insulin (mediates glucose dis-
posal) and glucagon (regulates hepatic glucose production
(HGP)). Any imbalance between these two counter-regulating hor-
mones results in hypo- or hyperglycemia (Type 2 diabetes melli-
tus; T2DM).1

Glucocorticoid receptor (GRa/b) is a member of the nuclear
receptor (NR) super family that functions as ligand mediated tran-
scription factors to control gene expression.2 The GR consists of 3
domains, N-terminal trans-activation domain (Activation Function
domain; AF-1), the central DNA Binding Domain (DBD) and the
Ligand Binding Domain (LBD/Ligand-dependent Activation Func-
tion domain; AF-2).3 The GR-LBD consists of twelve helices and
four b-stands. Helices 4, 5, 8 and 9 create a cavity (binding pocket)
where the ligand can bind, while helice-12 (H12) adopts close or
open confirmations depending upon GR-interactions with ago-
nist/antagonist respectively.4 Activation of GR leads to either posi-
tive (trans-activation) or negative (trans-repression) regulation of
gene expressions.2e GR agonists have been explored primarily as
anti-inflammatory agents.5 In contrast, the therapeutic potential
of GR antagonist remains largely unexploited despite having a
strong rational for its role in metabolic disorders.6
ll rights reserved.
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Glucocorticoids (GCs) raise blood glucose levels by antagonizing
insulin action, thereby inhibits glucose disposal and promotes HGP
(increase gluconeogenesis via PEPCK, TAT and G6Pase).7 GR antag-
onism has been validated as a promising therapeutic target for reg-
ulating HGP, in animal models and humans, using a non-selective
steroidal GR antagonist mifepristone (RU 486; 1; Fig. 1).8 However,
the side-effects (hypercortisolemia and symptoms of adrenal
insufficiency) of mifepristone are significant, including its abortifa-
cient activity.9 Thus, long-term systemic GR antagonism with a
non-selective steroidal GR antagonist may not be viable approach
for the treatment of T2DM.10 In contrast, non-steroidal pharmaco-
phores offers better opportunity to achieve improved therapeutic
index and desirable selectivity over other NR.11 Recently number
of non-steroidal GR antagonists has emerged (compound 2 and
3; Fig. 1), which showed reduced activity on the hypothalamic-
pituitary-adrenal (HPA) axis while maintaining substantial anti-
diabetic activity.12,13

Ligands that compete with agonist GR binding and agonist
receptor-complex DNA response element binding are called active
antagonists, while ligands that only compete for agonist GR bind-
ing are known as passive antagonists.14 Compound 2 (dibenzyla-
mino-2-alkyl-phenyl-methanesulfonamide) represent passive GR
antagonist, while compound 3 (benzoyl-phenoxy-phenyl acetic
acid; KB285) has been documented as liver selective GR
antagonist.12,13

In T2DM, therapeutic utility of systemic GR antagonist have
been hampered by general blockage of GC action in all tissues.15
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Figure 1. Selected GR antagonist and design strategy of compounds 8a–q
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Scheme 1. Synthesis of compounds 7 and 8a–q. Reagents and conditions: (i) AcOH, DCE, 85 �C,16 h; NaBH(OAc)3, 26 �C, 24 h, 80%; (ii) Bzl-Br, i-Pr2NEt, DMF, 90 �C, 12 h, 78%;
(iii) LiOH, THF–H2O, 26 �C, 90%.
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In contrast a liver-specific GR antagonist would be expected to de-
crease HGP and improve glucose disposal with minimal risk of
peripherally driven side effects.16 The above considerations have
led us to design liver-selective non-steroidal GR antagonist as a no-
vel therapeutic approach for the effective treatment of T2DM.

Liver-selective non-steroidal GR antagonists (8a–q) were de-
signed as hybrid of compounds 2 and 3 (Fig. 1), wherein tolylme-
thane sulfonamide of compound 2 was specifically replaced with
phenyl acetic acid (acid functionality as a liver selective compo-
nent of compound 3).12,13 Also oxyacetic acid component along
with tolylmethane sulfonamide of compound 2 was not introduced
in new series to overcome oral bioavailability (hydrophilicity due
to di-acids) and sulfonamide instability issues.17

All the compounds were tested for their binding affinity to the
h-GR ([3H]-dexamethasone radioligand binding assay) and the
functional antagonistic activities were determined using GRAF
(inhibition of dexamethasone-induced ALP expression) and TAT
(inhibition of dexamethasone induced TAT expression in freshly
isolated rat hepatocytes) assays.18 Furthermore, based on the
in vitro results, highly potent and selective compound (8g) was
subjected in vivo, to assess its antidiabetic effect and pharmacoki-
netic (PK) profile.

Synthesis of the title compounds 8a–q was carried out as de-
picted in Scheme 1, following the modified literature procedure.19

Treatment of substituted phenoxy benzaldehydes (4) with aniline
(5) in the presence of acetic acid lead to the formation of Schiff
base (in-situ).20 Reductive amination of Schiff base with sodium
triacetoxyborohydride (NaBH(OAc)3) provides substituted phen-
oxybenzyl aniline (6). Alkylation of the 6 with substituted
benzylbromide, in presence of base (ethyl diisopropylamine
(iPr2NEt)) yields substituted N-benzyl phenoxybenzyl aniline (7).
Hydrolysis of 7 with lithium hydroxide (LiOH) provides substituted
benzyl-phenoxybenzyl amino-phenyl acids (8a–q).

All the titled compounds and intermediates were characterized
by their physical, analytical and spectral data (13C NMR, 1H NMR
and ESI MS). Elemental analyses were determined within ±0.04%



Table 1
h-GR binding IC50, GRAF IC50 and rat TAT IC50 results for 7 & 8a–e

R3

R2

N

O

R6

R7

R1

Compds. R1 R2 R3 R6 R7 h-GR IC50, nMa GRAF IC50, nMa Rat TAT IC50, lMa

7 H H H H H >10000 ND ND
8a -COOH H H H H >9000 ND ND
8b -CH2COOH H H H H 1910 ND ND
8c -CH2COOH Br Br H H 1200 ND ND
8d -CH2COOH Br Br F H 820 ND ND
8e -CH2COOH Br Br F F 722 1050 3.9
2b Abbott (Std) 4.6 432 1.88
3c KB285 (Std) 20 410 2.49

a Values are means of three experiments (ND = not determined).
b Lit. Values: h-GR, GRAF & TAT IC50: 4.8 nM, 440 nM & 1.9 lM, respectively (Compd No: 12; Ref12JMC 2005).
c Lit. Values: h-GR, GRAF & TAT IC50: : 19 nM, 400 nM & 2.5 lM respectively (Ref13a; WO199963976).

Table 2
h-GR binding IC50, GRAF IC50 and Rat TAT IC50 results for 8f–q

Br

Br

N

O

F

F

COOH

R4

R5

Compd R4 R5 h-GR IC50, nMa GRAF IC50, nMa Rat TAT IC50, lMa

8f F H 145 46 2.1
8gd F F 4.5 211 0.9
8h Cl H 235 512 3.0
8i Cl Cl 96 391 2.6
8j Br H 801 1171 NA
8k Br Br 879 1423 NA
8l Me H 1278 ND ND
8m Me Me 1642 ND ND
8n OMe H 1256 ND ND
8o OMe OMe 1601 ND ND
8p CF3 H 298 598 3.3
8q CF3 CF3 111 421 2.9
2b Abbott (Std) 4.6 432 1.88
3c KB285 (Std) 20 410 2.49

a Values are means of three experiments (ND = not determined; NA = not active, >10 lM).
b Lit. Values: h-GR, GRAF & TAT IC50: 4.8 nM, 440 nM & 1.9 lM, respectively (Compd No: 12; Ref12; JMC 2005).
c Lit. Values: h-GR, GRAF & TAT IC50: : 19 nM, 400 nM & 2.5 lM respectively (Ref13a; WO199963976).
d InVP16-GR assay, 8g showed no effect upto 100 lM concentrations.
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of theoretical values. Overall, 8a–q were prepared in good yield,
under the mild reaction conditions. The percentage yield in the fi-
nal step was found to be in the range of 60–80%. The ESI MS and
NMR spectral data of all the synthesized compounds were also
found to be in conformity with the structures assigned and ensure
the formation of the compounds 8a–q (see Supplementary data for
analytical and spectral data).

The in vitro binding affinity to the h-GR and the functional
antagonistic activities were determined, to establish the Struc-
ture–Activity Relationship (SAR).18 As shown in Table 1, initially
six compounds (7 and 8a–e) were prepared to assess role of acid
functionality (R1), effect of halogen (Br/F) on phenyl (R2/R3)/ benzyl
(R6/R7) ring system. Compound 8a (R1 = –COOH) showed weak
binding, 8b (R1 = –CH2–COOH) showed moderate binding, while 7
(R1 = –H) showed weakest h-GR binding. So acidic functionally at
R1 is essential for good GR binding and compared to carboxylic acid
(8a), acetic acid derivative (8b) showed improved GR binding
affinity.

Among 8c-e tested, 8c (R1 = –CH2–COOH; R2 & R3 = Br) showed
good binding, 8d (R1 = –CH2–COOH; R2 & R3 = Br; R6 = F) showed
better binding, while 8e (R1 = –CH2–COOH; R2 & R3 = Br; R6 &
R7 = F) showed best h-GR binding (IC50 = 722 nM), indicated that
dibromo substitutions on phenyl ring and difluoro substitutions
on benzyl ring are most favorable. Compounds 8c–e were specifi-
cally designed with R2/R3 and R6/R7 as Br and F substituents
respectively, to establish and validate our primary lead (8e) with
previously reported and optimized substituents of compounds 2
and 3 at corresponding positions.



Table 3
Pharmacokinetic (PK) study parametersa and liver selectivity of 8g

Tmax (h) Cmax (lg/ml) T1/2 (h) AUC (0-1) (h lg/ml) %Fb 0.5h liver level (lg/ml) Liver to Plasma ratio

0.51 ± 0.01 0.88 ± 0.09 5.96 ± 0.61 1.39 ± 0.10 10.68 21.82 ± 1.18 24.8

a In male SD rats (n = 6), compound 8g were administered orally (po) at 20 mpk dose and plasma concentration was analyzed by LC–MS, values indicate Mean ± SD.
b Oral bioavailability (%F) was calculated wrt to iv AUC (13.02 ± 3.21 h lg/ml) administered at 20 mpk dose, iv.
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Figure 2. Antidiabetic activity of 8g in ob/ob mice, repeated dosing
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In GRAF and TAT functional assays, only primary lead (8e) were
screened and it showed moderate GR antagonistic activities
(IC50 = 1.05 lM (GRAF) and 3.8 lM (TAT)).18 As a positive control,
compounds 2 and 3 were subjected for in vitro GR binding and
functional antagonistic activity assays and the IC50 values of 2
and 3 were found to be comparable with reported values (Table 1).

To convert primary lead (8e) to optimize lead, additional
twelve compounds (8f–q) were prepared, mainly by incorporating
suitable substitutions at R4 and R5 position of phenoxy ring of 8e
and subjected in vitro for GR binding and functional antagonistic
assays (Table 2). Compound 8f (R4 = F & R5 = H) showed significant
improvement in GR binding, while 8g (R4 & R5 = F) showed single
digit nanomolar binding affinity (IC50 = 4.5 nM), which was found
to be comparable with reference standard compound 2
(IC50 = 4.6 nM).12 In GRAF and TAT assays, GR antagonistic activity
of 8f was found to be comparable with compounds 2 and 3, while
8g showed �two-fold stronger GR antagonistic activity
(IC50 = 211 nM (GRAF) and 0.8 lM (TAT)), compared to 2
(IC50 = 432 nM (GRAF) and 1.88 lM (TAT)).

Compounds 8h and 8i (mono and dichloro substituents)
showed significant improvement in GR binding affinity and antag-
onistic activity (GRAF and TAT assays), compared to 8e and among
8h and 8i, compound 8i was found to be more potent. 8j and 8k
(mono and dibromo substituents) showed no improvement in GR
binding affinity and antagonistic activity (GRAF assay), compared
to 8e and among 8j and 8k, compound 8k was found to be less
Table 4
28 days repeat dose study in ob/ob mice with 8g

Compd
(Animals)

Dose
(mpk)

Insulin
(ng/mL)

HbA1c
(%)

TG
(mg/dL)

FFA
(mEq

Vehicle (ob/ob) - 13.6±2.3 9.3±0.4 292.5±17.5 1.96±
8g (ob/ob) 10 14.1±3.9 6.7±0.4 214.3±22.3 1.32±
8g (ob/ob) 20 12.3±2.1 6.0±0.4 173.5±19.6 1.17±
Vehicle(lean) - 1.9±0.3 4.6±0.3 103.2±12.6 1.03±

a Values are Means ±SEM (n=6).
b Bid, oral (po) dosing.
potent, indicates that bulky substitutions at R4 and R5 positions
are not favorable. Compounds 8l–o (mono and di-methyl/methoxy
substituents) showed no improvement in GR binding affinity, com-
pared to 8e and among 8l–o, compounds 8m and 8o were found to
be least potent, indicates that methyl/methoxy substitutions at R4

and R5 positions are not favorable. Compounds 8p and 8q (mono
and di-trifluromethyl substituents) showed significant improve-
ment in GR binding affinity and antagonistic activities (GRAF and
TAT assays), compared to 8e and among 8p and 8q, compound
8q was found to be more potent.

In general, substitutions with halogens (mono/di) at R4 and R5

positions were found to be favorable, however, increase in the size
(bulk) of halogen groups (F/Cl/Br) resulted in decreased GR binding
affinity and antagonistic activities. Substitutions with electron
donating groups (OMe/Me) at R4 and R5 positions showed weak
binding and antagonistic activities, relative to that of un-substi-
tuted, while substitution with electron withdrawing groups (F/Cl/
CF3) showed significant improvement in binding and antagonistic
activities, relative to that of un-substituted.

Based upon in vitro binding and functional antagonistic activi-
ties results, 8g was considered as optimized lead among eighteen
compounds (7 and 8a–q) prepared. 8g was tested for its binding
affinity to related nuclear hormone receptors (h-PR, h-MR, h-AR,
h-ER(a/b) and TR(a/b)) so as to assess its GR selectivity over other
NR.18 Compound 8g displayed excellent selectivity for GR over
related nuclear hormone receptors (>200-fold selective over
h-PR, h-MR, h-AR, h-ER(a/b) and TR(a/b)).

A functional (VP16-GR) assay is used to evaluate the active or
passive antagonistic nature of 8g.21 VP16 is a transcriptional acti-
vation domain that, if present in the nucleus, activates GRE’s. Hu-
man liver hepatoma (HuH7) cells were transiently transfected
with VP16-GR fusion protein expression plasmid and a reporter
(GRE-Lue).12 In this assay passive antagonist show little or no re-
sponse while active antagonists robustly stimulate luciferase
expression. In VP16-GR assay, 8g showed no effect upto 100 lM
concentrations, indicates that it is a passive antagonist.

Compound 8g was subjected for PK and various pharmacody-
namic (PD) profiling studies (in vivo).22,23 In a single dose
(20 mpk, po/iv) PK study (male SD rats; n = 6), 8g showed rapid
Tmax (0.5 h), extended half-life (T1/2: �6 h), good Cmax, AUC and
oral bioavailability (%F 10.68%), Table 3.22 To evaluate liver selec-
tivity of 8g, a single dose (20 mpk, po) PK study was carried out
in male SD rats (n = 6) and at Tmax (0.5 h), liver concentrations
of 8g were determined and compared with Tmax/Cmax plasma
concentration (Table 3). The PK profile of 8g suggests a high degree
of liver selectivity and based upon liver to plasma ratio, 8g was
found to be �25-fold liver selective.
/L)
Cholesterol
(mg/dL)

Change in
B.Wt. (Day28-0)

AST
(U/L)

ALT
(U/L)

0.09 331.2±17.9 11.7±1.1 332.2±39.1 259.4±18.6
0.13 266.6±18.3 11.9±0.8 345.3±53.2 261.0±21.5
0.05 219.5±11.9 10.9±0.9 353.2±45.2 247.5±27.6
0.07 133.3±11.2 3.1±1.7 53.2±4.9 42.3±9.3
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Figure 3. Effect of Compound 8g on HPA axis in male Sprague–Dawley rats. A single oral dose (100 mpk) of 8g is given to normal Sprague–Dawley rats (N = 10/group);
measurements of ACTH and corticosterone levels in serum were done 2 h post-dosing. Mifepristone (100 mg/kg) was taken as a positive control.

Figure 4. a–b Key interactions of compound 8g and RU486 with GR binding site. (a)
Binding pose of compound 8g (Torquoise) and RU486 (orange) in the GR binding
site is indicated (Surface view: Green), wherein 8g overlay on RU486 and interact
closely with key residues of binding site. (b) Binding pose of compound 8g
(Torquoise) and RU486 (green) in the GR, wherein both compounds displaces H-12.
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Antidiabetic activity of 8g was assessed in ob/ob mice (sub-
chronic diabetic animal models).23 Compound 8g was given to
ob/ob mice orally bid for 28 days at 10 and 20 mpk doses. After re-
peated dosing, 8g dose dependently lowered postprandial blood
glucose levels (32% and 42% decrease in AUC glucose at 10 and
20 mpk dose, respectively; Fig. 2). The insulin levels remain un-
changed, despite considerable changes in glucose levels, which
indicate a significant improvement in insulin sensitivity (Table 4).
Decrease in HbA1c (2.6% and 3.3% at 10 and 20 mpk, respectively),
TG, FFA and cholesterol levels was observed, which confirms oral
antidiabetic and antihyperlipidemic effects of 8g, without affecting
liver functions (no change in AST/ALT levels) and body weight gain.

One of the primary side effect concerns associated with GR
antagonism is activation of the HPA axis. To determine the poten-
tial impact of a liver selective and passive GR antagonist on HPA
axis, 8g was administered to male Sprague Dawley (SD) Rats, at
100 mpk.24 2 h later, plasma levels of adrenocorticotropic hormone
(ACTH) and corticosterone levels were analyzed (Fig. 3). No change
relative to vehicle was observed with 8g, indicating no impact
upon the HPA axis under unstressed conditions.

To gain insight into the structural aspect for the observed po-
tent antagonistic behavior of 8g, we docked the RU486 (1) and
8g into the GR-Ligand Binding Domain (GR-LBD) binding pocket,
using the co-complex X-ray structure of RU486 (Fig. 4a-b).25,26 In
our docking studies, both the compounds (1 and 8g) get docked
and overlay into the GR binding pocket. The docking study shows
that 8g and RU486 occupies a similar space, wherein the 2,4-di-
fluoro phenoxy benzyl moiety, dibromo-phenyl acetic-acid group
and diflurobenzyl ring of 8g overlays with the C11-dimethylani-
line, C3-ketone and C17b-hydroxyl groups of RU486, respectively
(Fig. 4a). In hydrophobic binding pocket, C3-ketone and C17b-hy-
droxyl groups of RU486 interacts with Gln570, Arg611 and Gln642

of GR binding pocket, respectively.25 Compound 8g shows
potential interactions/hydrogen bondings (carbonyl group of di-
bromo-phenyl acetic-acid with Asn564, diflurobenzyl ring with
Gln642 and 2,4-difluoro phenoxy benzyl moiety with the side chain
of Gln570 and Arg611), Figure 1 in Supplementary data.

Helix-12 (H-12) of GR-LBD plays a key role as a molecular
switch that modulates the functional response to ligand binding
(agonist/antagonist).4 In the case of RU486 (passive antagonist),
the H-12 is displaced into activation factor-2 (AF-2) domain.3 The
displaced H-12 blocks the recruitment of coactivator and provides
a molecular basis for its passive GR antagonism. Particularly, the C-
11 dimethylaniline group of RU486 protrudes from this binding
pocket, which displaces H-12 from its characteristic agonist posi-
tion (close conformation/capping the binding cavity) to antagonist
position (open conformation, where H-12 stacks into the N-termi-
nal part of the coactivator pocket), in receptor/ligand complex
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(Fig. 4b). Binding of compound 8g to GR binding pocket induces
similar conformational changes, wherein the 2,4-difluoro phenoxy
benzyl moiety of 8g overlays with the C11-dimethylaniline of
RU486 and compare to C11-dimethylaniline group, 2,4-difluoro
phenoxy group of 8g protrude-out more from the binding pocket
and strongly displaces H-12 to antagonist position, which may
account for its strong passive in vitro antagonistic activity (both
in GRAF and TAT functional assays). Together, docking studies
results illustrate favorable interactions of compound 8g with key
residues of GR binding pocket, which supports its potent in vitro
binding affinity and functional antagonistic activity.

In summary, we report series of benzyl-phenoxybenzyl amino-
phenyl acid derivatives (8a–q) as non-steroidal GR antagonist.
Compound 8g showed excellent h-GR binding, selectivity over
closely associated NR and potent antagonistic activity (in-vitro).
VP16 assay and docking studies confirms passive antagonistic
activity of 8g. The lead compounds 8g showed no impact upon
the HPA axis, exhibited significant oral antidiabetic and antihyper-
lipidemic effects (in vivo), along with liver selectivity. Thus
preliminary study results confirm discovery of potent and liver
selective GR antagonist, which could be viable approach for the
safe and effective treatment of T2DM.
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