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From potent and selective inhibitors of GSK3p displaying CYP1A2 inhibition and poor PK properties,
mostly linked to metabolic instability and in vivo hydrolysis of the amide bond, we were able to obtain
safe and orally available inhibitors with good half lives.

© 2010 Elsevier Ltd. All rights reserved.

Glycogen synthase kinase beta (GSK3p)! is involved in phos-
phorylation of at least two physiologically important proteins,
tau? and glycogen synthase.> These proteins have been shown to
be intimately associated with some pathological processes, such
as Alzheimer’s disease® and diabetes, respectively. In the course
of a programme aimed at finding inhibitors of this enzyme, we
conducted a high throughput and identified a hit 1 with inhibitory
activity in the micromolar range. The optimisation of the potency
and the selectivity of this hit led to the identification of two potent
aminoindazoles 4 and 5. However, as is often the case in medici-
nal chemistry, optimization of the potency was paralleled by a de-
crease of the physicochemical properties of the compounds.
Table 1 illustrates how some of these properties, such as solubility,
lipophilicity and protein binding got worse through each step of
potency optimization from 1 to 4 and 5. We therefore anticipated
that there could be potential ADME issues to solve with these first
leads. The object of the present paper is to describe how we trans-
formed these potent leads into safe and orally available com-
pounds with acceptable PK properties, including brain exposure.

One of the important hurdles in medicinal chemistry is to iden-
tify compounds with a good safety profile. Inhibition of hepatic
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cytochrome P450 enzymes and the hERG potassium channel are
among the most serious safety issues, since this can result in
drug-drug interactions’ and cardiac toxicity (QT prolongation®),
respectively. We also analyzed our compounds in assays predictive
of genotoxicity or clastogenicity. In order to gain insight into the
optimization for these series, we profiled 4 and 5 in a series of early
ADME and toxicity assays. The results are displayed in Table 2.

Although the stability in human S9 hepatic fractions was good,
the metabolic stability in mice S9 hepatic fractions was poor and so
the optimization of this parameter, predictive of high clearance in
rodents, was undertaken. No problem was anticipated regarding
hERG channel inhibition, Ames, CYP 3A4, 2D6, 2C9 and 2C19 inhi-
bition. However, the compounds displayed potent CYP1A2 inhibi-
tion. The chemical optimization programme was therefore also
focused on lowering this CYP1A2 inhibition.

After evaluation of ~60 GSK3p inhibitors on a panel of hepatic
CYP isoforms (human recombinant), about two thirds displayed
inhibition of Cyp1A2, whereas inhibition of the other Cyp isoforms
did not appear to represent a major issue (Table 3). Inhibition of
Cyp1A2 was therefore identified as a persistent series-related issue
that would need to be addressed early on.

In addition to the screening CYP panel used above, we evaluated
some of the most potent GSK3p inhibitors on a kinetic CYP1A2
assay to confirm their inhibition® and check for potential
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Table 1
Evolution of the physicochemical properties of the compounds along the optimization process
(0] [0) (o] (0] [0)
H H H H H
N N//{/ N N N
§ Br Ph {
N ) N ) N N N N
N/ COOH N/ N/ N/ N/
cl N cl N HOPh N HOPh i cl N
Compd 1 2 3 4 5
GSK3p (},LM)G 0.94 0.44 0.040 0.005 0.006
Sol (mg/ml) 0.716 0.168 0.067 <0.001 <0.001
Log D pH 7.4 <1 22 3.05 3.86 439
% HSA binding <90 92.8 97.3 99.3 994
Table 2
Full early ADME-T profile of 4 and 5
Compd  Sol (mg/ml)  Met stab®  Met stab®  Caco, CYP1A¢ CYP3A,¢ CYP2D¢? CYP2Cy¢ CYP2C1o®  Ames hErg
% Transp/h ICs50 (ULM) ICs0 (UM) IC50 (UM) ICs50 (ULM) ICs50 (ULM) % inh 10 uM
4 <0.019 10 91 NR¢ 0.07 >10 >10 >10 >10 NR® 7
5 <0.016 40 91 3.9 0.08 >10 >10 >10 >10 Negative 24

¢ Percent of compound remaining after 15 min of S9 fraction exposure.
Mouse S9 hepatic fraction.
Human S9 hepatic fraction.
Human recombinant CYP enzymes.

b
c
d

€ No result.

Table 3

Statistics of CYP isoforms inhibition by the first inhibitors of the programme

CYP isoform Number of compounds
IC50> 10 M IC50 <10 uM ICs0< 1 pM
3A4 60 6 0
1A2 26 29 22
2C9 31 7 0
2D6 57 6 0
2C19 57 7 0
Table 4

CYP1A2 inhibition of 5- and 6-substituted aminoindazoles®®

time-dependency.!® The trend for CYP1A2 inhibition was
particularly pronounced in our most interesting series of GSK3p
inhibitors,!! as can be seen from Table 4. In addition, some of our
potent GSK3p inhibitors displayed time-dependent Kkinetics of
CYP1A2 inhibition, suggesting a mechanism-based inhibition lead-
ing to covalent binding to the enzyme. One of these compounds (8)
incorporated a furan ring in the molecule. This motif has been
reported to lead to covalent binding to CYP enzymes via formation
of reactive intermediates, such as epoxides and oxirenes, or the
production of open 1,4-diketone derivatives.”> The phenol

H

R! R? Compd GSK38 (M) CYP1A;* (UM) CYP1A,”
(uM) Slope©

Br 4-HOPh 4 0.005 >10 0.07 -1
Ph Cl 5 0.006 <0.4 0.08 -1
4-H,NPh Cl 6 0.007 0.98
4-HOPh Cl 7 0.008 0.08 -2
3-Furyl Cl 8 0.011 <0.4 0.03 -3
4-MePh Cl 9 0.012 1.75
4-FPh Cl 10 0.016 0.83 0.13 1
4-NO,Ph Cl 11 0.017 4.46
4-BnOPh Cl 12 0.022 >10
Br Cl 13 0.055 0.55
H 4-HOPh 3 0.036 >50 22 -2
H 3-Thienyl 14 0.93 1.9
H Ph 15 1.28 >10 0.39 0
H 3,5-F2-Ph 16 29 13.8 2.7 -3
H 3-Py 17 11 1.2 5.9 0

2 CYP1A; screening panel.

> CYP1A, kinetic assay.®
€ % 1Csp/min.
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analogues 3 and 7 also displayed some time-dependency, but to a
lesser extent (slope —2%/min).

CYP1A2 is involved in the metabolization of planar highly con-
jugated compounds.'> A homology model built from bacterial
CYP1A2 has been reported showing that the heme pocket of the
enzyme is small and lined with aromatic amino acids.'* A n-n
stacking between aromatics and the enzyme'® has been suggested
to explain why most substrates or inhibitors of this enzyme are rel-
atively small-sized, flat and aromatic compounds. This preference
for small compounds could explain the loss of CYP1A2 inhibition
with bulkier 12. However, it was difficult to rationalize the differ-
ence in CYP1A2 inhibition properties between 5 and 9, or between
6 and 11 according to the above rules. The molecular reasons for
competitive 1A2 inhibition did not appear to be solely linked to
the propyl amide side chain or to the GSK3p inhibiting activity,
as compounds 3 and 12, displaying the same chain and potency,
were totally devoid of 1A2 inhibition.

Although it is less well described for CYP1A2 than for CYP3A4,
lipophilicity is also linked to recognition by the CYP enzymes. Sev-
eral reports in the literature point to a relationship between log P
and CYP inhibition.!® This could also be seen in our own series
when comparing compounds 1 with 13 (Table 5).

As this inhibition is multiparametric, we went on to build a
QSAR model to better predict potential inhibitors. A few QSAR
models of CYP1A2 have been described in the literature;'” however
it is often better to rebuild a model suited to the particular series
involved. A set of 29 compounds ranging from active (ICso
32 nM) to inactive (ICso 73 uM) in the CYP1A2 kinetic assay were
used to build a QSAR CoMFA model.'® For each compound, the best
minimized conformations were aligned superimposing their com-
mon substructures, as depicted in Figure 1. The final selected mod-
el displayed an optimal number of four components using only the
steric fields as COMFA descriptors. The correlation graph of the pre-
dicted activities is shown in Figure 2.

More practically for the medicinal chemist, the model provided
a chemical interpretation (Fig. 3). In the CoOMFA model the contour
maps sterically unfavourable and favourable regions are shown in
green and yellow, respectively, clearly predicting that bulky groups
on the 3-side chain should prevent CYP 1A2 inhibition. From our
model, bulky positions 5- and 6- of the aminoindazole could en-
hance CYP1A2 inhibition. However, as depicted in Figure 1, no
large chemical diversity was explored in these positions in our
dataset. Interpretation of our model for these regions has therefore
to be taken cautiously.

This model was used throughout the programme to predict the
compounds to be prepared and led to the design of potent inhibi-
tors devoid of CYP1A2 inhibition.

The second aim of our optimization was focused on obtaining
good exposure of the inhibitors. Brain exposures were also moni-
tored as we were looking for brain penetrant compounds for
Alzheimer’s disease and related neurodegenerative disorders.

Table 5
CYP1A; inhibition as a function of lipophilicity

Cl
13 1
GSK3p 0.055 pM 0.94 uM
LogD pH 7.4 3.66 <1
CYP1A2 0.55 pM >50 uM

Figure 1. The aligned compounds used to generate the COMFA model of CYP1A2
inhibition. The common substructure (depicted in ball and stick) was used for the
alignment.

~
°
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Figure 2. Correlation between experimental and CoMFA predicted activities. The
kinetic CYP1A2 inhibition data are expressed in pICso were pICso = —Log (ICsp).

/

\
/
Bulky groups \
Prevent inhibition -
Figure 3. Chemical interpretation of the COMFA model. Contour maps for the
sterical field depicted around aminoindazole scaffold highlight the influence of the
bulk on aminoindazole on the CYP1A2 inhibition properties. Compounds 20 is
depicted with an experimental pICso=4.80688 and predicted pICsqy=5.08664.
Unfavourable regions are in green and favourable regions are in yellow.
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Compounds 4 and 5 along with several related analogs were eval-
uated in vivo in mouse preliminary pharmacokinetic studies to as-
sess the general pharmacokinetic parameters of this series. To
increase the throughput we used cassette dosing so the data have
to be viewed as preliminary pharmacokinetic results. The results of
some of these studies (Table 6) showed that at least some of the
compounds (e.g., 5, 8, 13 and 18) displayed good or acceptable
brain/plasma ratios, indicating that this parameter was not limit-
ing for these series. However, the data also pointed to very low
exposure and low, or non-measurable, bioavailability for all com-
pounds. As the permeability of the compounds was generally good,
as shown by their results in the Caco2 assay, these liabilities were
hypothesized to be mainly linked to their poor metabolic stability
in mice, as reflected by their high clearances. However, this param-
eter was not the only driver of poor exposure, as shown by com-
pound 13 which, despite good permeability and metabolic
stability in mice, displayed extremely high clearance and low plas-
ma exposure. Even compound 19 with acceptable clearance, in
agreement with its in vitro metabolic stability, displayed a short
half-life.

The emphasis of the optimization program was therefore fo-
cused on understanding and improving the parameters controlling
the rodent half-life and exposure, especially the metabolic stabili-
ties of these compounds.

The compounds that had been optimized for potency and
selectivity were very lipophilic and poorly soluble. Even though
the correlation is not absolute, these properties have been
shown to be generally associated with high uptake by liver
metabolizing enzymes (CYP’s), resulting in higher metabolism
and clearance.'® Modulation of these properties via the 3-posi-
tion chain was in theory possible, as it had been shown to be ex-
posed to the solvent area of the kinase and therefore large
modifications should be possible without changing the potency.®
An acidic moiety is ideal to solubilise and protect from metabo-
lism,2° but the ability of an acidic compound to penetrate the brain
by passive diffusion is limited, as was confirmed on 1 (Table 7)
which displayed brain levels at the limit of detection. Earlier
data on 20 incorporating a basic side chain, showed better brain
exposure but the short half-life was not predicted by the

Table 6

Full ADME and pharmacokinetic (PK)? profile of 5-, 6- and 7-substituted aminoindazoles

2347

metabolic stability and was not acceptable for in vivo dosing.
Two analogues of 5, 21 and 22, incorporating such basic side
chains were also investigated and displayed very short half-lives
despite high metabolic stability (Table 7).

The absence of correlation between S9 mice metabolism and
in vivo clearance posed a problem. At least two types of chemical
modification could account for this discrepancy. The first is a direct
glucuroconjugation of the compound on any of its nucleophilic
positions. In the case of our series it could be the N1 or N3 posi-
tions of the aminoindazole. There are precedents in the literature
supporting direct N-glucuroconjugation on several heterocycles,
such as imidazoles and triazoles.?! One way to quantitate the ex-
tent of oxidative (phase I) versus glucuroconjugation (phase II)
metabolism is to compare their transformation in mouse liver
microsomes in the presence and absence of NADPH and UDPGA,
the co-factors necessary for the oxidative and conjugative metabo-
lism, respectively. This experiment was performed on a few se-
lected compounds (data not shown) and the results suggested
that, at least for these compounds, direct glucuroconjugation was
not involved in the metabolization.

The second type of chemical modification that could be respon-
sible for the poor half-life is hydrolysis of the amide bond.
Throughout the program, the clearance data obtained with amides
were in relatively good agreement with the expected ease of amide
chemical hydrolysis, that is, primary > secondary > aromatic. In
vivo this hydrolysis could be achieved by several processes: phase
I metabolism (CYP enzymes,?? hydrolases, peptidases) or even
chemically. The compounds were shown to be stable to chemical
hydrolyses and in mouse plasma (data not shown). To avoid a pos-
sible issue of amide hydrolysis, we explored replacement of this
function by non-hydrolysable substitutions. Some examples are
displayed in Table 8. Complete removal of the amide group, as in
23, or replacement by alkyl or aryl groups, such as compounds
24-28, proved detrimental to activity, as predicted by molecular
modelling, since the carbonyl function had been shown to make
a hydrogen bond accepting interaction with the hinge binding por-
tion of the kinase.” More stable replacements able to keep this
interaction, such as carbamates 29-32 and ureas 33-35, displayed
better inhibitory activity.

R? (0]
N
2 N
R H
R3
R! R? R3 Compd GSK3B Sol® Log D Met stab® Caco, CPmax' Cbmat ~ CIE Ti)% B/P" F (%)
(nM) (ng/ml)  pH74 Lo e (M) (ng/ml)  (ng/g)  (I/h/kg) ()
Br 4-HOPh 4 0.005 <20 44 91 10 NR 12 3.3 0.3 1
Ph cl 5 0.006 <20 3.7 91 40 3.9 11 8 6.9 0.2 1.2
4-HOPh I 7 0.008 <20 3.9 NR 19 8.02 5 8 13
3-Furyl cl 8 0.011 <20 4.1 45 4 123 6 15.5 0.3 0.5
Br cl 13 0.024 <20 4.4 97 87 17.25 1 9 0.1 2
4-HOPh 3 0.055 67 3.7 58 4 15.25 14 2.7 0.4 0.1
Ph F F 18 0.005 4 24 86 56 nd 34 50 45 0.3 1.7
F F 19 0.270 54 3.0 98 93 16.33 172 56 1.2 0.3 0.3 18

¢ Mice 1 mg/kg oral and iv cassette dosing.

Nephelometry.

Percent of compound remaining after 15 min of S9 fraction exposure.
Human.

€ Mice.

T Oral dosing.

& Plasma, iv dosing.

" jv dosing.

b
c
d
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Table 7
ADME and pharmacokinetic (PK)* profile of aminoindazoles with various acidic or basic chains in 3-position (R')
[0)
H
N
R2 R
\
N
N
Cl [
R! R> Compd GSK3p  Sol’ Log D pH Met stab® Caco;  CPmax Cbmax®  Cl Tipf(h)  B/PE F(%)
(uM) (ug/ml) 7.4 M B (T/h)  (ng/ml)  (ng/g)  (I/h/kg)
CH,CH,COOH 1 0.94 >134 <1.2 94 100 0.39 179 7" 1 2.2 nc 48
CH,N-Morpholyl 20 0.99 <20 3.1 nd nd 283 246 1.3 0.4 0.3° 36
CH(Me)N-Piperidinyl Ph 21 0.025 <20 3.53 100 85 nq 40 832 9.7 0.8 6.2 nc
CH,N-Morpholyl Ph 22 0.051 28 3.49 100 91 5.56 44 1278 5.9 0.5 2.6 28

¢ Mice 1 mg/kg oral and iv cassette dosing.

> Nephelometric solubility.

Percent of compound remaining after 15 min of S9 fraction exposure.
4 Mice.

Human.

Oral dosing.

iv dosing.

0.5 mpk iv.

c

I

Table 8
GSK3p inhibition of aminoindazole incorporating non-amide chains in 3-position

H
O N/R

Several ureas presented the desired potency on GSK3p and
metabolic stability and a set of the most active ones 36-39 were
selected for PK studies (Table 9).

Some of these compounds displayed some good PK features
with low clearance and good bioavailability (38 and 39). Only 39

D\
O N displayed acceptable brain exposure. It was evaluated against a pa-
cl N nel of 28 kinases, including Cdk2, Cdk4 and Cdk5 and was found
. . o 9 23 ;
A Compd GSK3B (M) inactive (<50% at 10 uM),.exgepF for Cdk9 (81% at. 10 uM=°). It dis-
played a level of CYP1A2 inhibition that was considered as accept-
gutyl ;z 8'37 able (2.2 uM) and no hERG channel inhibition (ICso > 10 pM). This
2-Pyridyl 25 021 compound was kgpt for furthgr evaluation. o
4-CF3Ph 26 2.00 We also examined the ability of the compounds to inhibit tau
6-Meo-2-pyridyl 27 0.1 phosphorylation on serine-396 in cortex slices.2* There was gener-
5-NO2-2-pyridyl 28 074 ally a good correlation between GSK3p inhibition and inhibition of
COO0iBu 29 0.12 . . s
COOAllI - o tau phosphorylation with compounds <20 nM for inhibition of
COOBn 31 0.13 GSK3p displaying inhibition of tau phosphorylation at <uM level.
COOMe 32 0.21 This value was set as a threshold for further compound selection.
CONH, 33 0.125 Compound 39 displayed good potency in this assay with an ICsq
oD &2 D of 270 nM. It was therefore engaged in vivo studies where it
CONHiPr 35 0.05 S . .
was shown to inhibit the phosphorylation of tau at the selective
Table 9
GSK3p inhibition, solubility, metabolism and pharmacokinetic (PK)® data of best ureas derived from 5
HN-R
>N,
)
Ly
/
cl N
""N\/\NA MN/\|
</ -
R N~
36 37 38 39
Compd GSK3B8 nM Sol? (pg/ml) S9 Mice Cl Tip2 AUCp (h ng/g) BIP F (%)
36 12 <20 85 2.2¢ 0.2¢ 449¢ 0.04° =
37 25 >208 100 5.5 1.3 180 nc nc
38 29 <20 79 0.1 1.2 8738 0.01 78
39 65 <20 92 1.1 1.7 906 0.2 37

2 Nephelometric solubility.
> Mice, cassette dosing, 1mpk iv.
¢ Single PK iv 1mpk of the chlorohydrate salt.
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GSK-3B epitope (pSer396/404) by 21-53% for up to 2 h when
administered by oral route at 10 mg/kg.

The CYP1A2 inhibition and metabolic clearance of a series of 3-

aminoindazoles was optimized by chemical variations at the 3-po-
sition. It was shown that the hydrolysis of the amide bond partly
accounts for the high clearance of some of these compounds.
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Briefly, brain slices (300 pm) are prepared from cerebral cortex of 10 week-old
rats, and slice suspension (50 pl/microtube) is incubated in DMEM (containing
pyruvate and 4.5 g/l glucose) with tested compound in a final volume of 500 pl,
for 120min at 37°C under mild agitation. Incubation is stopped by
centrifugation, followed by lysis and sonication at 4°C. Lysates are then
centrifuged (18,000g, 15 min, 4 °C), and the supernatants are used for protein
dosage, and subsequent western blotting analysis. SDS-PAGE electrophoresis is
performed in MOPS-SDS denaturating conditions; the phosphorylation of tau
protein is detected by using AD2 mouse monoclonal antibody specific for
Ser396/404 phosphoepitope as primary antibody, and peroxydase-labelled
mouse antiserum as secondary antibody for measuring signal by
chemioluminescence. Analysis of autoradiogrammes by ‘GeneTools’ software
(Syngene, GeneGnome, Ozyme) was performed for ICsq estimation.



