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Abstract

Glycogen synthase kinase-3 (GSK-3) is associated with various key biological processes, including
glucose regulation, apoptosis, protein synthesis, cell signaling, cellular transport, gene transcrip-
tion, proliferation, and intracellular communication. Accordingly, GSK-3 has been implicated in a
wide variety of diseases and specifically targeted for both therapeutic and imaging applications by a
large number of academic laboratories and pharmaceutical companies. Here, we review the
structure, function, expression levels, and ligand-binding properties of GSK-3 and its connection to
various diseases. A selected list of highly potent GSK-3 inhibitors, with 1C;; <20 nM for adenosine
triphosphate (ATP)-competitive inhibitors and I1C;, <5 UM for non-ATP—competitive inhibitors,
were analyzed for structure activity relationships. Furthermore, ubiquitous expression of GSK-3
and its possible impact on therapy and imaging are also highlighted. Finally, a rational perspective
and possible route to selective and effective GSK-3 inhibitors is discussed.
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Introduction

Glycogen synthase kinase-3 (GSK-3) is expressed
in all tissues and is a member of the protein kinase
family, a group of enzymes that catalyze the transfer
of a phosphate group from adenosine triphosphate
(ATP) to target substrates. GSK-3 is a ser-
ine/threonine kinase, and thus transfers a phosphate
group to either the serine or threonine residues of its
substrates.[1] The mechanism of phosphorylation
regulates various complex biological processes, in-
cluding metabolism (glucose regulation),[2-6] cell
signaling,[7-9] cellular transport,[10-12]
apoptosis,[13-15]  proliferation, and intracellular
communication.[16] Additional roles for GSK-3 in
biological processes are likely to be identified in the
future.[16] Phosphorylation is a key regulatory step
that initiates, enhances, or inhibits the function of a
target substrate. Given the breadth of processes asso-
ciated with GSK-3, it is not surprising that GS5K-3 has
emerged as an important target for drug development
and medical imaging in various diseases.

Since the isolation of GSK-3 from rabbit skeletal
muscle in 1980,[17] its role and participation in glu-
cose metabolism has been extensively studied. How-
ever, GSK-3 was considered a therapeutic target for
diabetes only after the discovery of its participation in
insulin signal transduction in the mid-1990s.[18] A
primary function of GSK-3 is the regulation of the
activity of glycogen synthase (GS), an enzyme that
mediates the conversion of glucose to glycogen.[19,
20] Under basal conditions, GS is maintained in its
inactive form due to phosphorylation by GSK-3. Un-
der conditions of high glucose and insulin availability,
GSK-3 activity is inhibited via the action of insulin
through  PI3  kinase  (phosphatidylinositol-4,
5-bisphosphate 3-kinase)/PKB (protein kinase B)
pathways. This action results in the activation of GS
and the formation of glycogen.[21-23] Elevated ex-
pression and over-activity of GSK-3 are associated
with insulin resistance in type 2 diabetes. Therefore,
GSK-3 inhibitors are under development for the

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 4

572

treatment of type 2 diabetes.[6,20]

Elevated GSK-3 levels in bipolar disorder (BD)
have been documented in both preclinical and clinical
studies.[24-27] Specifically, higher levels of GSK-3a
and GSK-3p were found in peripheral blood mono-
nuclear cells (PBMC) of BD subjects than in those of
healthy controls.[26] After treatment of BD patients
with lithium, valproate, or atypical antipsychotics,
significant increases in the inhibitory serine phos-
phorylation of GSK-3 were observed in PBMCs.
However, the total level of GSK-3 remained un-
changed.[26] This finding suggests that the ratio of
active/inactive GSK-3 has a greater regulatory effect
in BD than the total levels of GSK-3.

GSK-3f is also associated with several neuro-
degenerative diseases,[28] including Parkinson’s dis-
ease (PD),[29] Alzheimer’s disease (AD),[30-33] and
Huntington’s disease (HD).[34] A recent review by Li
et al.[29] summarized the involvement of GSK-3 in PD
and the hypothesis that inhibition of GSK-3f activity
may protect dopaminergic neurons. Similarly, recent
findings by Llorens-Maritin et al.[30-33] highlighted
the role of GSK-3p in AD pathobiology, including a
predominant role in the phosphorylation of tau pro-
tein.[18] Furthermore, Lim et al.[34] observed higher
levels of phosphorylated GSK-3 in post-mortem hu-
man HD brain samples correlating with disrupted
energy metabolism in two transgenic mouse models.

GSK-3 regulatory activity is associated with ac-
quired immunodeficiency syndrome (AIDS),[35,36]
malaria,[37,38] inflammation,[39-41] apoptosis,[13-15]
neuronal growth,[32], [42-44] and canonical
Wnt/ f-catenin[45-47] pathways. GSK-3 also appears
to play an important role in cancer progression.[48] In
some tumor types, GSK-3 exerts tumor suppressor
functions, whereas in other tumor types, GSK-3 is
associated with tumor progression by stabilizing the
beta-catenin complex.[49-53] Clearly, GSK-3 is an
important regulator of metabolic and signaling func-
tions that are associated with a broad spectrum of
disease areas, motivating extensive efforts on inhibi-
tor development and, more recently, imaging probe
development.

This review summarizes the recent progress in
understanding the structure and function of GSK-3
and the development of high-affinity inhibitors for
clinical applications in therapy and imaging. For
ATP-competitive inhibitors, our focus is on those with
ICso values <20 nM are discussed. For
non-ATP-competitive inhibitors, in general only those
with ICsp values < 5 uM are included. Recent progress
in the development of GSK-3 imaging probes for pos-
itron emission tomography (PET) is also reviewed.
Finally, we discuss our perspective on the continued
development of GSK-3 targeting molecules for ther-

apy and imaging.
Structure and Functions of GSK-3

Almost all eukaryotic organisms, ranging from
flies to humans, contain homologous forms of GSK-3
with a high degree of similarity. In mammals, there
are two isoforms of GSK-3, including GSK-3a and
GSK-3B, which are encoded by separate genes.[54]
GSK-3a (51 KDa) has a slightly higher molecular
weight than that of GS5K-3f (47 KDa). The extra length
of GSK-3a is due to the presence of an additional 63
amino acid residues at the N-terminus. Although both
isoforms are structurally quite similar, they are func-
tionally different. For example, mice carrying a selec-
tive deletion of exon 2 of GSK-3p undergo embryonic
death due to extensive hepatocyte apoptosis despite
the presence of GSK-3a.[55]

A detailed structural and functional analysis of
GSK-3p reported by ter Haar et al.[56] is depicted in
Figure 1.[56] There are two major GSK-3p domains: a
B-strand domain present at the N-terminus between
amino acid residues 25-138 (Figure 1) and an a-helical
domain present at the C-terminus between amino acid
residues 139-343. An ATP-binding site is present at
the interface of the two domains that is adjoined by a
glycine-rich loop and hinge region. The catalytic ac-
tivity of GSK-3p is regulated by phosphorylation at
two different sites, including Ser 9 and Tyr 216.
Phosphorylation of the Ser 9 site inactivates GSK-3,
whereas phosphorylation at Tyr 216 within the acti-
vation loop increases its catalytic activity.[1, 56] For
GSK-3a, phosphorylation at Ser 21 renders it inac-
tive.[57]
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Figure 1. The different regions of GSK-3B. (Reproduced from ter Haar et al.[56]
with permission from the Nature Publishing office.)

Before phosphorylation can be catalyzed by
GSK-3, both the B-strand and a-helical domains must
align in a catalytically active conformation for effec-
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tive binding of the substrate. GSK-3p phosphorylates
various substrates with different efficiencies and
mechanisms. In certain cases, GSK-3p directly phos-
phorylates the substrate, whereas under other cir-
cumstances, priming of the substrate by another ki-
nase is required before phosphorylating the target. As
a result, the function and mechanism of action of
GSK-3p is substrate-specific. Typically, phosphoryla-
tion through the priming mechanism is 100 to 1000
times more efficient than phosphorylation without
priming.[58] Additionally, the action of GSK-3p is
regulated by two different mechanisms, including
phosphorylation of Ser 9 and formation of a GSK-3
protein complex. Bijur and Jope[59] suggested an al-
ternative mechanism of GSK-3p regulation via sub-
cellular compartmentalization.[59] Previous studies
reported that GSK-3p is a cytosolic protein and pre-
dominantly exists in an active form, but may also be
present in nuclei[60, 61] and mitochondria.[62] Bijur
and Jope[59] noted that induced apoptotic signaling
increases the active form of GSK-3f in the nucleus and
mitochondria by several-fold, but does not affect the
cytosolic levels.[59] Interestingly, inhibition of
GSK-3p by lithium causes a reduction in the active
form of GSK-3 in all three pools.[59]

Importance of Selectivity in Kinase Inhi-
bition

Due to the pivotal role of intracellular kinases in
cell signaling, protein regulation, metabolism, and
cellular transport, kinase inhibition has become an
attractive target for therapeutic intervention. Howev-
er, the design and discovery of drugs that effectively
target specific kinases (e.g., GSK-3p) is challenging
due to the conserved nature of the ATP-binding sites
across the kinase family. Typically, small-molecule
kinase inhibitors inhibit multiple protein kinases.[63,
64] Therefore, it is important to examine the selectiv-
ity of drug candidates against a wide array of
well-characterized protein kinases to mitigate any
possibility of off-target interactions. Two excellent
studies by Davis et al.[64] and Anastassiadis et al.[63]
address target kinase selectivity by profiling kinase
inhibitors against a wide array of kinases using func-
tional assays. Their findings suggest evaluation of
every new inhibitor over a broad range of kinases to
map their off-target interactions. There is a long list of
known bona fide GSK-3 substrates but not possible to
include that in the present review. However, readers
are directed to read a recent review on GSK-3 bona
fide substrates compiled by Calum Sutherland.[65]

Different Classes of GSK-3 Inhibitors

A large number of heterocyclic inhibitors of
GSK-3 have been identified. ATP-competitive and

non-ATP-competitive inhibitors will be discussed
separately.

I. ATP-Competitive GSK-3 Inhibitors

Pyrazolopyrimidines

The identification of a pyrazolopyrimidine de-
rivative (1, Table 1a) as a promising GSK-3 inhibitor
via high-throughput screening led Peat et al.[20],[66]
to perform detailed molecular modeling to define the
structure-activity relationship (SAR) and potentially
enhance the affinity of other GSK-3 inhibitors. During
this SAR analysis (compounds 2-7), it was noted that
the presence of hydrogen at positions R! and R? and a
phenyl group at R3 were critical for high potency.[20]
Additionally, the hydrazone hydrogen and proximal
nitrogen of pyrimidine interact with GSK-3 by hy-
drogen bonding to the carbonyl and NH groups of the
valine 135 residue, respectively, within the hinge re-
gion of the ATP-binding pocket (Figure 2).

Figure 2. The interactions of pyrazolopyrimidine (8) with different regions of GSK-3
during silico docking analysis. (Reproduced from Peat et al.[20] with permission from
Elsevier Science.)

Further analysis of the docking results (5-7, Table
1a) showed that the substituted phenyl ring at R3 was
tightly bound deep in the cavity. Hydrogen bonding
between the C-2 hydrogen of pyrimidine and the
backbone carbonyl of Asp 133 was also evident. The
R#* substituent extended into solvent, suggesting a
higher tolerance for modification at this site. Various
substitutions were intoduced at R* to increase the
solubility and cell permeability (8-13, Table 1b). It was
found that a 4-pyridyl group at R* increased the cell
permeability (8, 9, and 12), and that a benzimidazole
moiety at R3, in addition to 4-pyridyl, further en-
hanced cell permeability (12, Table 1b). In another
study by the same group, the S-cis conformation of
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hydrazine and ring planarity of 3-methoxypheny and
pyrazolopyrimidine were shown to enhance the in-
hibitory potency of this group of inhibitors.[67] The
authors reported that the pyrazolopyrimidines are
ATP-competitive inhibitors of GSK-3p.

Benzimidazoles
Shin et al[68] reported new analogs of
7-hydroxy-1H-benzimidazole as novel

ATP-competitive GSK-3f inhibitors. Some of these
inhibitors (Table 2) exhibited ICsy values in the na-
nomolar (nM) range. Shin et al.[68] introduced addi-
tional hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) groups in this series to improve
GSK-3 binding. These modifications resulted in an
increase in the I1Csoto 15 to 25 nM (Table 2). Because
the ATP-binding site contains Val 135 and Asp 133
residues, Shin et al.[68] introduced a hydroxyl group

Table la. Pyrazolopyrimidines Inhibitors of GSK-3f3

at C7 of the benzimidazole to create hydrogen bonds
to the NH group of Val 135,and the carbonyl group of
the Asp 133 residue (Figure 3). Additional hydrogen
bonding between the carbonyl oxygen at Val 135 and
the benzimidazole NH enhanced the activity of the
new analogs (Figure 3). The potency of novel
7-hydroxy benzimidazole analogs was compared to
that of the known inhibitor 14. Introduction of a
p-methanesulfoneamidephenethyl amine group at the
fourth position (R?) of the benzimidazoles (15 and 16)
produced ICsp values between 15 to 25 nM, whereas
when R? was benzyl or propyl benzene, the ICsy val-
ues were observed to be 870 nM and 580 nM, respec-
tively.[68] The role of the
p-methanesulfoneamidephenethyl amine group at R?,
which is important for high activity, was not ex-
plained by the authors.

: R’
R\l/N N/
| N
N A~
R2/N-.
e
Compound No. R1 R2 R3 R4 plCsp* Ref.
1 H H Ph -Ph -(3-O-Me, 4-OH) 7.0
2 Cl H Ph h-(3-O-Me, 4-OH) <5
3 Ph H Ph -Ph -(3-O-Me, 4-OH) <5
4 H Me Ph -Ph-(3-O-Me, 4-OH) <5 [20]
5 H H H -Ph-(3-0-Me, 4-OH) 5.5
6 H H i-Pr -Ph-(3-0O-Me, 4-OH) 5.6
7 H H Bn -Ph-(3-0-Me, 4-OH) <5

*Log of the concentration, in nM, that inhibits 50% of GSK-3 activity.

Table 1b. Selected Pyrazolopyrimidine Inhibitors with High Cell Permeability

3
1 R
RN
\l/ S
N._ =
l 4
Conl'l\!]aoound Cell
. ) RT | R2 R R4 permeability plCsp™ Ref.
(lit. com. No,) (nM/s x109)
. [20,
- -]
8 H | H Ph 4-pyridyl 99 7.0 66]
9 (1A) H | H | -Ph(3-O-Me) 4-pyridyl 127 82
10 (1D) H|H -Ph-(3-O-Me) p-50:Me-phenyl 168 85
P
11 (2€) H|H -Ph C(O)NH(CH2)aN 98 77
Meo-phenyl [66]
-Benzimidazol-2- .
12 (3A) H|H vl 4-pyridyl 212 84
13 (3B) H|H 'BC"Zi““__‘]d"'Z”l'Z' p-F-phenyl 92 82

*The number written inside the parenthesis corresponds to the number/code of the respective compound provided in the original publication.

**Log of the concentration, in nM, that inhibits 50% of GSK-3 activity.
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Table 2. Selected Benzimidazole Analogs and Their ICso Values

OH
H
N
R’ \
N
R1
HN (0]
R2

Compound No. (lit.
com. No.)*

ICsp

R? (nM)

Ref.

H
Oy N 0
O~ -
14 0 4 O NH, 70
N [68]

Reference compound

15 (6d) H

-(CH2),Ph-(4-NHS(O);Me) 25

16 (6h) Cl

-(CH.)2Ph-(4-NHS(0)2Me) 15

*The number inside the parenthesis is the number/code given to the compound in the original publication.

Hinge region

o
NH\/H\NH/\/NH\

,O :<

Figure 3. Docking result of a benzimidazole inhibitor to GSK-3p, and the hydrogen-bond network within the hinge region. (Reproduced from Shin et al.[68] with permission

from Elsevier Science.)

Pyridinones

Coffman et al.[69] developed a new series of
GSK-3p inhibitors using high-throughput screening of
a chemical library. These authors discovered that
4-(4-hydroxy-3-methylphenyl)-6-phenyl pyrim-
idin-2-ol (17, Table 3, Figure 4) was a promising in-
hibitor with an ICsp value of 17.2 nM observed in a
cell-free enzyme assay. The co-crystal structure of 17
and GSK-3p protein was reported. Compound 17
binds within the ATP site of GSK-3, where the phe-
nolic hydroxyl forms hydrogen bonds with the Val
135 and Asp 133 residues of the hinge region. Addi-
tionally, the pyrimidine hydroxyl group forms a hy-
drogen bond with the Lys 85 residue of the catalytic
triad of GSK-3p (Figure 4). Coffman et al.[69] carried
out a detailed SAR study to improve the therapeutic

potency of analogs of 17 by mitigating the metabolic
liability associated with the phenolic group, and re-
ducing the overall number of hydrogen bond donors.
The resulting series of inhibitors and their ICsp values
are listed in Table 3 (18-20). The modifications intro-
duced in the series include replacement of a phenolic
moiety by a pyrimidine ring, a hydroxypyrimidine
replaced by a pyridine, and an aryl group replaced by
a variety of simple amines. A docking study of the
new pyridone inhibitors showed a good overlap with
17, and predicted their high potency as GSK-3p in-
hibitors. These structural modifications improved the
ICs0 value of some of the new pyridone analogs
(19-20, Table 3) in a cell-free enzyme assay. However,
the new analogs (18-20) exhibited ICsy values higher
than 600 nM in a cell-based assay, but showed better
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central nervous system (CNS) multi-parameter opti-
mization (MPO) scores (Table 3)[70].

In addition to addressing the metabolic liability
present in the parent compound (17), the newer in-
hibitors (19-20) have improved ICsp values in both
cell-based and cell-free assays. Previous studies in-

OH
A

4

N
|

HO

vestigated the potency, selectivity, and suitability of
pyridinone analogs as therapeutics in the CNS. Inhib-
itors 18 and 20 are selective for GSK-3f3 versus casein
kinase II (CK2) and dual-specificity protein kinase
(CLK1).

Catalvirg Triad
\

193 -
Region

Figure 4. The structure of 17 and its co-crystal structure with GSK-3[ showing the hydrogen bonding sites. (Reproduced from Coffman et al.[69] with permission from Elsevier

Science.)

Table 3. Selected Pyridinone Analogs Acting as GSK-3f3 Inhibitors

Compound CFA WCAb CNS CK2% CLK1%
Mo, (lit. com, R ICs I1Csp MPO inhibition | inhibition at | Ref.
NoJ* (nM) (nM) Scoret at 10pM 10pM
Reference compound
: (17) is structurally
17(1) different than pyridone 172 75280 47 ) )
analogs (see Figure 4)
18 (18} -NH({CHa):Ph-(2-OMe) 17.4 800 5.8 24% 28%
N OH
19 (24) 8.5 610 5.8 3% 100% [69]
N
Lo
20 (25) MeO I 6.1 840 5.8 2% 15%

*The number written inside the parenthesis corresponds to the number/code given to the compounds in their original publication.

aGSK-3p cell-free enzyme inhibition assay.
vGSK-3 whole-cell enzyme inhibition assay.

¢CNS multi-parameter optimization (MPO) score. A score >4.5 indicates an increased probability of CNS penetration.

Pyrimidines

Nuss et al.[71, 72] reported a highly potent py-
rimidine series of GSK-3p inhibitors that target the
ATP-binding pocket. An interesting finding of their
work was the use of an ethylenediamine linker at the
pyrimidine (21-24, Table 4). Neither shorter nor longer
linkers were well tolerated at the same position, pos-
sibly due to changing the planarity of the compound
and blocking its transport to the target site. Addition-
ally, the presence of ortho and para substituents on the
phenyl ring were well tolerated, and the
2,4-dichlorophenyl substitution produced the high-

est-affinity analogs (Table 4). The imidazole moiety at
the R! position provided an optimal result. Further-
more, alteration of the point of attachment of the im-
idazole moiety (attached to -N/ C atom) to the py-
rimidine core did not change the potency of the
compounds (Table 4). A variety of different substitu-
ents were investigated at the R? and R! positions,
demonstrating that the presence of a combination of
1,3-imidazole and 2-amino, 3-nitropyridine moieties is
critical for the enhanced GSK-3 inhibition (21-24, Ta-
ble 4).
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Table 4. Selected Pyrimidine GSK-3f3 Inhibitors

Cl
2
1 c R
R | NN ,rNH
P
N)\NH
Compound No. | )
(lit. com. No.)* R R [Cs0 (nM) Refs.
NO,
NH
z N/::N | b 2 0.58
(CT 98014) TN AN :
NO,
2 =N o NHe
(CT 98024) HN | N 0.56
CN [71-73]
™
23 <N B 5.0
(CT 99021) HN_ ~ZN
N NO,
N
24 ({;J S 10
(CT 20026) T Y P '
*The number inside the parenthesis corresponds to the number/code given to the compounds in their original publication.
Table 5a. Selected Macrocyclic Bisindolylmaleimide Analogs Acting as GSK-3 Inhibitors
macrocyclic bisindolylmaleimides
Compound No. . 1Csp
(lit. com. No.)* " N X J z (nM) Ref.
25 (5a) 1 1 0 O NEt 25+0.3
26 (18a) 2 1 8] NMe 8] 4.0+0.4
27 (18b) 1 1 @] NEt O 4.04£0.5
28 (22b) 1 1 NMe NMe O 6.0+1.0 [74]
29 (22¢) 1 2 NMe NMe 8] 8.0+1.0

*The number inside the parenthesis corresponds to the number/code given to the compound in the original publication.

The pyrimidine inhibitors 21 and 23 were re-
ported to be highly selective for GSK-3 in comparison
to 20 different kinases, including structurally similar
kinases such as CDK1 (cyclin-dependent kinase 1) and
ERK2 (extracellular signal-regulated kinase 2).[73]

Indolylmaleimide

Various attempts have been made to develop
novel series of indolylmaleimide analogs that can act

as ATP-competitive GSK-3 inhibitors.[74-77] Zhang et
al.[74] investigated macrocyclic bisindolylmaleimides
with linkers composed of various heteroatoms con-
necting two indolyl moieties (25-29, Table 5a). Based
on the ICs values listed in Table 5a, the presence of a
nitrogen atom at position “J” appears to be critical for
enhanced activity as a GSK-3p inhibitor. The im-
portance of this atom is further demonstrated by the
loss of activity after replacement of the nitrogen with
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oxygen (25 versus 26-29, Table 5a). Zhang et al. inves-
tigated the selectivity of potent macrocyclic bisindol-
ylmaleimide analogs compared to various isoforms of
protein kinase C -a, -y, -0, -€ and -C. The authors re-
ported that 25 is selective versus other kinases in the
panel.[74] Additionally, some of the macrocyclic bi-
sindolylmaleimide analogs (25 and 26) were effective
at blocking PKC-pII-induced IL-8 release via GSK-3p3
inhibition.[74]

Engler et al.[76] reported on a new series of
ATP-competitive GSK-3p inhibitors based on imid-
azo[1,2-a]pyridine-3-yl and
4-(1,2,3 4-tetrahydro-[1,4]diazepino-[6,7,1-hi)indol-7-y
1 substituted pyrrole-2,5-dione (maleimide) scaffolds
(30-35, Table 5b). A variety of R!substituents, includ-
ing piperidinyl (31-32, 35), morpholinyl (33), and di-
methylaminyl (34) gave high-affinity analogs.

Inhibitors in this series were shown to have high
selectivity for GSK-3 in comparison to a panel of
other kinases in a cell-based assay. Compound 30 was
over 15,000 fold selective for GSK-3p versus AKT-1,
KDR, TGFf-Rz, hPKAP, MLK7, CAMKII, and p38,
and 600 - 2,500 fold selective versus CDK2, CDK4, and
PKCB-II (Table 5b). Most of the other inhibitors of the
series showed a similar degree of selectivity.[76]
Among these, inhibitors 33 and 35 (IC5 = 1.3+0.1 nM
and 1.1+0.3 nM, respectively) were subsequently
evaluated in in vivo studies. Compound 35 was se-
lected for evaluation in an oral glucose tolerance test
in ZDF rats. In this dose-response study, rats were
treated with 35 (0.1 - 3 mg/Kg) by gavage for 8 days.
On the eighth day, they received a 1.25 g/Kg oral

glucose challenge, and blood glucose was measured
over 2 hours. Inhibitor 35 had a threshold minimum
effective dose (TMED) of 0.49 mg/Kg for reduction of
blood glucose, confirming robust in vivo activity.

Engler et al.[75] developed another series of
non-macrocyclic analogs of bisarylmaleimide that can
act as GSK-3p inhibitors. The authors changed one of
the indolyl moieties to diazepino-indolyl and another
indolyl moiety with a variety of different aryl and
heterocyclic aryl analogs. The ICsp values of the new
series of compounds 36-45 (Table 5c) were lower than
those of the macrocyclic bisindolylmaleimdes.[74] The
presence of a 2,3-dihydro-1-benzofuran substituent in
36 produced an ICso value of 1.1 nM (Table 5c).
However, imidazo[l,2-b]pyridazine and imid-
azo[1,2-a]pyridine substitutions at the R? position in
43 and 45 gave the lowest ICs values for the series at
0.7 and 0.8 nM, respectively (Table 5c). The selectivity
of new analogs (36-45) for GSK-3 inhibition over other
kinases like CDK2, CDK4, and PKC{} were evaluated
(Table 5¢). Compound 41 was found to be 8,575 times
more potent as an inhibitor of GSK-3 than CDK4, and
11,800 times more selective over CDK2 and PKCp.[75]
The remarkable specificity of 41 was attributed to the
presence of imidazo[1,2-a]pyrimidine moiety. Engler
et al.[75] reported that most of the analogs (36-45)
showed a >160- to 10,000-fold higher selectivity for
GSK-3 inhibition relative to other kinases. Addition-
ally, some of these compounds produced lower
plasma glucose in ZDF rat models of type 2 diabetes
and a strong inhibition of tau phosphorylation.

Table 5b. Selected Bisarylmaleimide Analogs Acting as GSK-3f Inhibitors

Compound Selectivity
No. Ratios of [Csys in pM .

(lit. com. R R R r:mfg Rt T P)Kcm; ICso (NM) | Ref.
No.)* GSK3B GSK38 GSK3f
30 (7) O-1-Pr H H 2615 2538 615 1.3+0.5
31 (8) Piperidinyl H H 2700 2400 280 2.0+0.4
32 (9) Piperidinyl H Me 3846 3461 71 5.240.8 [76]
33 (10) Morpholinyl H H 4076 1307 846 1.3+0.1
34 (11) Dimethylaminyl H H 1312 937 625 1.640.3
35(12) Piperidinyl F H 2545 1636 381 1.1+0.3

*The number written inside the parenthesis corresponds to the number/code given to the compound in the original publication.
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Table 5c. Selected Bisarylmaleimide Analogs Acting as GSK-3f Inhibitors

bisarylmaleimides
Compound Selectivity (Ratios of 1Cs0s) 1(;
50
No. R R2 CDK2 CDK4 PRCE | () | Ref
1 w
(lit. com. No,) GSK3 GSK3 GSK3
36 (27) COMe 0, 16 77 133 1.1
AR
37 (28) COMe ﬁj:% 24 50 240 25
(0]
38 (30) CONMe; 0 25 35 89 27
V4
39 (31) CONMe; @:% 139 89 190 3.2
o]
CO-N- N -
40 (37) . %“N >6300 4551 >6300 3.2 [75]
morpholine N%N
41(38) CO-N- /NS >11,800 8575 >11,800 | 1.7
morpholine =l
N
N
12 (40) i("ci'i;i'n (/LN X 2680 2420 281 20
pipe 15 N.- P
-N- N
43 (41) .CO_:. (/\‘ N™ s 620 1327 1305 0.7
piperidine s
44 (45) CO-i-Pr %\ NTS 1,77 2024 522 1.8
NZ~F
AR
45 (46) CO-4-THP %‘N “‘~ 6880 2653 1745 0.8
N=~F

*The number written inside the parenthesis corresponds to the number/code given to the compound in the original publication.

Imidazopyridines

Yngve et al.[78] reported a new series of imid-
azopyridine analogs that act as GSK-3( inhibitors
(Table 6). These authors utilized the hydrogen accep-
tor and donor motif to achieve effective interactions
with kinase residues and binding. Among these in-
hibitors, 46 and 47 showed the highest inhibition with
ICso values of 3.0 and 1.4 nM, respectively. An analy-
sis of the structure of these analogs suggests that their
additional hydrogen bond-accepting capacity is likely

to be responsible for their higher potency. Imidaz-
opyridine analogs inhibited GSK-3f activity through
competitive binding to the ATP domain of the en-
zyme. Despite the promising inhibitory activities of
imidazopyridine analogs, their selectivity compared
with other kinases has not been reported.[78]

Oxadiazoles

After a 1,3,4-oxadiazole-containing compound
was identified to be a GSK-3f@ inhibitor through
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high-throughput screening, Saitoh et al.[79] synthe-
sized a series of novel analogs of 1,3,4-oxadiazole
(48-52, Table 7). Among these, 52 showed the highest
selectivity and potency for GSK-3f inhibition with an
ICso value of 2.3 nM. The selectivity of 52 for inhibi-
tion of GSK-3 was compared with 23 different ki-
nases, including CDK2, CDKS5, PKA, ERK1, and JNKI,
and the results showed a >1,000-fold higher selectivity
in all cases except for CDK1, MEKK-1, and PKC®,
where selectivity was 460, 810, and 350 times, respec-

tively. The co-crystal structure of 52 and GSK-3f
showed hydrogen-bonding interactions between the
benzimidazole moiety and the hinge region of
GSK-3B. An additional interaction was suggested for
the oxadiazole nucleus and the Arg 141 residue on
GSK-3B. The co-crystal structure analysis confirmed
the competitive binding of 1,3,4-oxadiazole analogs
with the ATP-binding site of GSK-3f as the inhibitory
mode of action.

Table 6. Selected Imidazopyridine Analogs Acting as GSK-3f3 Inhibitors

N
N H
C d No.
(S?g):li.nm.)?* R! R? ICs (nM) | Ref.
SEt P
& |
46 (Ic) | = N 3.0
2 | U
£ P 7l
‘7
47 (Ih) d [ N 14
\ ()

*The number written inside the parenthesis corresponds to the number/code given to the compound in the original publication.

Table 7. Selected 1,3,4-Oxadiazole Analogs Acting as GSK-3( Inhibitors

F\'2
1©\/S NPy
R =
N-N
Compound No. ICsg
(lit. com. No.)* R Rz R (nM) Ref.
48 (20n) CF; -OCH; "#\@\’\3 49
(o}
49 (200) CFs _OCH; ‘ﬁ\@f}) 31
N
OCH,
50 (20u) -CN H O 35
£ N
Q
OCH [79]
51 (20w) -CFs H © 25
A N
ho
M
OCH,
52 (20x) -CN H (; 23
il N
o
M

*The number written inside the parenthesis corresponds to the number/code given to the compound in the original publication.
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Pyrazines

Based on a high-throughput screen and
co-crystal structure analysis of pyrazine-containing
derivatives with GSK-3, Berg et al.[80] reported a new
series of pyrazine analogs (53-62, Table 8). The X-ray
crystal structure of some of these analogs confirmed
their ability to act as ATP-competitive inhibitors of
GSK-3B. In a SAR analysis, it was found that the
presence of small substituents like F, CHs, or CF; or-
tho to the pyrazine ring (53-56) caused a considerable
increase in the GSK-3p inhibition potency and selec-
tivity.[80] Compounds 54 and 58-62 showed ICs val-
ues for GSK-3p <1.0 nM. The selectivity of individual
compounds varied. However, among the potent py-
razine analogs, 54 and 56 showed 3,700- and

Table 8. Selected Analogs of Pyrazines Acting as GSK-3f3 Inhibitors

>20,000-fold selectivity versus CDK2, respectively.
Compounds 57 and 59 were tested for blood-brain
barrier permeability in a bovine endothelial cell assay,
and all three of these compounds showed good per-
meability in this assay. The permeability of other an-
alogs was examined by Caco2 assay for oral suitabil-
ity. The results are listed in Table 8. Among these, 55
and 56 showed the highest permeability. Further-
more, some of these analogs (53-59) showed a sub-
stantial reduction in tau phosphorylation in a
dose-dependent manner, having ICsp 5-87 nM in 3T3
fibroblast cells. Therefore, these pyrazine analogs
show promise as candidate molecules for therapy and
imaging in AD.

NH,
o
HN o
Compound GSK-3p | Selectivity | Permeability
i o R | R R? Rt wKi | vsCDK2 Caco2 Ref.
h-ln.)‘ ’ (nM) (fold) (10 cm/ s)
(o]
53 (10) F | H | —N hN— —; “’; | SN g3 770 11
Ny P
Q
N A
54(11) | CHy| H | —N  N— —E |“N 046 3700 24
S P
o
[o]
N A
55 (12) Ch | H | —N  »— —2 |\N 11 2540 37
S P
8]
Q
N A
56(13) | CHs | CHs | —n  N— —% |“N 15 20,000 38
S L
o]
Tl_NH - f’#
57 (16) H | H ’irs’ ~"o |“‘N 20 48 20
W
[¢] =
Q
“ -‘Xg 2N -
58 (20) H H N—5— | 04 550 nd [80]
I P
o
o
Nl A N _
59 (22) H | H | o N—s— | 0.67 440 27
N P
o |\N
60 (25) H | H N ! % | o 591 23
2 — e .3 2 Fa
|l :"‘:
|
i -
61 (26) H | H N—g—t 0.48 117 nd
C/ 1| A S
0 N/
eVl EAN
62 (46) H | H | —n ——S—§ N[ 099 4 18
/]l \M

Abbreviations: ¥Ki, is an inhibitory constant; nd, not determined.

*The number written inside the parenthesis corresponds to the number/code given to the compound in the original publication.
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Table 9. Comparison of ICso and Binding Mode Before and After
Addition of Halomethylketone

Structure with
Original structure Ref.

Halomethylketone moiety
NH,
Cr
LA~
Ju

v
8

63 (31), ICs5 >50uM, 64 (32), ICs 13.4 uM,

irreversible binding

65 (35), ICs0 >10uM, 66 (36), 1C5)0.58+£0.07 uM,

reversible binding irreversible binding

[81]

H
N

/
H/N

67 (37), ICs0 4.47£0.35 nM, 68 (39), 1Csp 0.0470.007 uM,

reversible binding irreversible binding

E/N

HyC Hyf

69 (38), IC50 0.89+0.19 uM, 70 (40 ), ICs 0.005+0.001 pM,

reversible binding irreversible binding

* Number written inside the parenthesis corresponds to the original number /code
given to the respective compound in their original publication.

Perez et al.[81] reported on the ability of a halo-
methylketone addition to convert a reversible inhibi-
tor into a more potent irreversible GSK-3 inhibitor. A
few examples (63-70) are listed in Table 9 showing
improved ICsy after halomethylketone addition. Re-
markably, small addition of halomethylketone on
compounds 63, 65, 67 and 69 caused 4-178 fold de-
crease in their ICsy values (Table 9). Perez et al. [81]
demonstrated that the halomethylketone moiety re-
acts with the sulfur atom of cysteine-199 present in the

ATP binding site of GSK-3. Irreversible binding was
also confirmed through model reactions, docking
studies and mass spectrometric analysis of the re-
sultant product [81]. This approach may be useful in
designing more potent GSK-3 inhibitors.

II. Non-ATP-Competitive GSK-3 Inhibi-
tors

In early 2002, Martinez et al.[82] were the first to
report thiadiazolidinones (TDZDs, 71-81, Table 10) to
be non-ATP-competitive GSK-3p inhibitors. It was
hypothesized that these compounds recognize and
interact with the oxyanion binding site of GSK-3(.
These authors also suggested that the negative charge
of TDZD was important for oxyanion recognition.[82]
Different analogs of TDZD were synthesized and
evaluated for GSK-3f-inhibitory properties (71-81,
Table 10). On a careful SAR analysis, it is evident that
a substitution of the ethyl group (71-73) with benzyl
(74-76) or substituted phenyl moieties (77-81) at the R?
position  have  considerably  increased  the
GSK-3B-inhibition potency of thiadiazolidinone ana-
logs. Additionally, the presence of a methyl group (71,
74, and 77-81) was preferred over ethyl (75), propyl
(72), cyclohexyl (73), and benzyl (76) groups at the R
position to retain the potency of the thiadiazolidinone
analogs. One of these TDZD analogs, 74 (TDZD-8),
was screened against a variety of other kinases, in-
cluding protein kinase A and C (PKA, PKC), casein
kinase II (CK2), and cyclin-dependent kinase 1
(CDK1/cyclin B). Compound 74 showed high selec-
tivity for GSK-3p with a >100 pM ICso.

Even though TDZD analogs have shown
GSK-3B-inhibition constants in the pM range, there
remains an interest to test them in human subjects as a
neurodegenerative disease treatment. One of the
TDZD analogs, later named Tideglusib (NP031112,
NP-12, 94), was under clinical investigation and fur-
ther discussed in the section describing the com-
pounds used in clinical trials.

Emodin and 4-Aminoethylamino Emodin

Gebhardt et al.[83] showed application of
emodin (82) and its ethylenediamine analog 83 as
non-ATP competitive inhibitors of GSK-3 (Table 11).
Addition of the ethylenediamine group on the emodin
nucleus increased potency of inhibition (ICso 0.56+0.02
uM, 83), reduced cytotoxicity and generated an insu-
lin sensitizing effect mediated by increasing hepato-
cellular glycogen and fatty acid biosynthesis. Selec-
tivity’s of compounds 82 and 83 were evaluated
against twelve protein kinases including eleven of
human protein kinases. Compound 83 showed high
selectivity towards GSK-3p but 82 failed to do so.
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Table 10. Select Analogs of Thiadiazolidinones (TDZDs) Acting as GSK-3f Inhibitors

1
0 0
D
N—S
2/
R
Compound
No. RI R2 [Csp (um) Ref.
(lit. com. No.)
71
(TDZD 1) -CaHs -CHs GSK-3p=5.0
(TD?D 3) -GoHs -CH,CH>CH3 GSK-3p=10.0
oo -GHs -Cyclohexyl GSK-3p=10.0
(TDZD 5) ¥ 3
74 GSK-3p=2.0,CDK1=>100
(TDZD 8) -CHoCHs -CHs cycline B =>100, CK2 =>100
PKA =>100, PKC=>100
(TD;SD 9) -CHaCeHs -CGaHs GSK-3p=7.0
76
(TDZD 10, -CH>CoHs -CH,CqHs GSK-3p=10.0 82]
NP00111)
77
(IDZD 11) -CeHs -CH; GSK-3p=2.0
7
(TDZSD 12) 4-BrPh -CH, GSK-3p=3.0
(TD;?J 13) 3-BrPh -CH; GSK-3p=4.0
(TDS% 14) 2-BrPh -CH; GSK-3p=6.0
81
(TDZD 15, 4-CIPh -CH; GSK-3p= 4.0
NP031115)

Abbreviations: CDK1/cycline B, cyclin-dependent kinase 1; CK2, casein kinase II; PKA, protein kinase A; PKC, protein kinase C.
*The number written inside the parenthesis corresponds to the number/code given to the compound in the original publication.

Table 11. Emodin Analogs Acting as GSK-3 inhibitors

oH 0 oH
HO CH,
R o
Compound No. R 1Cs0 (kM) Ref.
82 (Emodin) 16.5+0.6
[83]
83 (L4) -NH-CH>-CH;-NH; 0.56+0.02

* Number written inside the parenthesis corresponds to the original number /code
given to the respective compound in their original publication.

5-Imino-1,2,4-Thiadiazoles (ITDZs)

Polomo et al.[84] reported 5-imino-1,24-
thiadiazoles (ITDZs) as a first class of compounds able
to inhibit GSK-3 in a substrate competitive manner.
The class of ITDZs was identified by performing a
detailed structure activity relationship study on a

thiadiazolidinedione family. Thirty one ITDZ variants
were synthesized, thirty of which were shown to have
more than 60 % of enzymatic (GSK-3) inhibition at 10
uM concentrations. The ICsy values of these com-
pounds were found in the low micromo-
lar-submicromolar range (0.3-7.0 pM). The most po-
tent compounds are listed in Table 12. No major dif-
ference in the ICsy values of the compounds 84-88
were found even by changing various functional
groups at the positions R! or R? or R3 (Table 12).
However, a slightly negative change was observed
when Br-in 86 was replaced with CI-in 89 as a counter
ion. Due to small differences in ICsp values of the
various ITDZs analogs, it is hard to draw any conclu-
sive structure activity relationship among these
ITDZs.

Through a kinetic study, Polomo et al. [84] con-
firmed that ITDZs bind reversibly to GSK-3. ITDZs
are non-ATP competitive inhibitors and compete with
the primed substrate in the GSK-3 inhibition. Utilizing
a docking study, Polomo et al. [84] concluded that
ITDZs interact with GSK-3 protein through: (i) hy-
drogen bonding between the proton of the imino
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charged group and backbone oxygen of Phe67 and (ii)
Aromatic S-m interaction between the thiadiazole nu-
cleus and the aromatic ring of the Phe67. The blood
brain barrier (BBB) permeability of these analogs were
investigated using the parallel artificial membrane
permeability assay (PAMPA) and the results are pre-
sented in Table 12, showing that several of the ITDZs
analogs are able to cross the BBB by passive permea-
tion.

Conde et al.[85] identified two new classes of
molecules as non-ATP competitive inhibitors of
GSK-3f: chloromethyl thienyl ketones and halome-
thyl phenyl ketones. In addition to the forementioned
compounds there are a few natural products (90-92)
reported as non-ATP competitive inhibitors as listed
in Table 13 [86-88]. Among these, the B-carboline al-
kaloid Manzamine A (92) showed a high degree of
selectivity towards GSK-33 as demonstrated by
Hamann et al.[89] Manzamine was isolated from the

sponges found in the Indo-pacific regions[86, 90].
Palinurin (90) and Tricantin (91) are furano sesquit-
erpenoids isolated from Mediterranean sponges[28].
Interestingly, Bidon-Chanal et al.[91] in their recent
study demonstrated allosteric modulation of GSK-3[3
with 90.

In a recent study, Palomo et al.[92] identified
available binding sites using the geometry-based al-
gorithm fpocket (http:/ /fpocket.sourceforge.net) and
hpocket programs to map the surface of GSK-3. Pal-
omo et al. identified seven conserved binding sites
(Figure 5). These binding sites could be targeted for
selective and effective modulation of protein-catalytic
functions. Out of the seven identified binding sites on
the surface of GSK-3, three consisted of the previously
reported (Figure 5, sites 1-3) ATP, substrate, and pep-
tides axin/fratide-binding sites. The four additional
binding sites were newly identified to be non-ATP
sites.[92]

Table 12. Selected Analogs of 5-Imino-1,2,4-Thiadiazoles Acting as GSK-3 inhibitors

H

/
s
-
Ra‘xﬁ)\" o)
\

(-4

Compound Cell .

No R! R2 R3 X | ICs (M) Permeability Ref.
o (Pe 10+6 cm s-1)

84 (31) Ph Ph H Br 0.6+0.0 9.1+0.8

85 (42) 4-OMePh Ph -CH2CO»EE Br [ 0.5+0.0 4.0£0.1

86 (43) 4-OMePh ’h -(CH;),CHs Br | 0.3£0.0 - [84]

87 (47) Ph 1-naphthyl -CoHsOH Br 0.3£0.0 -

88 (49) 1-naphthyl Ph -CaHs0H Br [ 0.3+0.0 10.2+0.6

89 (54) 4-OMePh Ph -(CH2)«CHx | Cl 1.1£0.1 8.54£0.5

* Number written inside the parenthesis corresponds to the original number /code given to the respective compound in their original publication.

Table 13. Selected miscellaneous Non-ATP-competitive GSK-33 inhibitors

Compound No
(lit com no)*

Structure 1Csp (nM) Ref.

(Manzamine A)

90 -

(Palinurin) 43 [86]
91 -

(Tricantin) 73 (861
%2 15 | [87,88]

* Number written inside the parenthesis corresponds to the original number /code given to the respective compound in their original publication.
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One of the four additional sites is situated on the
C-terminal lobe (carboxyl terminal) of the protein and
is exposed to the solvent. Another site is located on
the hinge region. The last two sites are located on the
N-terminal lobe (amino terminal) of the protein.[92]

A quinolone moiety (N’-dodecanoyl-1-ethyl-
4-hydroxy-2-oxo-1,2-dihydroquinoline-3-carbohydraz
ide (93), Table 14), ICso= 3.01+0.15 pM for GSK-3, was
identified as a non-ATP-competitive inhibitor of
GSK-3. The non-ATP-competitive nature of quino-
lone moiety was evidenced by a lack of sensitivity to
increased ATP concentration on enzymatic inhibition.
A docking study of the quinolone moiety and GSK-3
supported the notion of an ATP-independent interac-
tion. It was proposed that a change in the activation
loop of the enzyme resulted from allosteric binding of
the quinolone to GSK-3.[92] In our opinion, the dis-
covery of ATP-independent binding sites on GSK-3 by
Palomo et al.[92] is valuable and may lead to the de-
sign and development of new GSK-3 modulators that
bind to allosteric sites. Forthcoming GSK-3 modula-
tors may be able to fine-tune the selectivity of an-
ti-GSK-3 activity.

Clinical Prospects of GSK-3 in Imaging
and Therapy

The involvement and association of GSK-3 in the
pathogenesis of a wide variety of diseases makes it an
important therapeutic and imaging target. The poten-
tial of GSK-3f inhibition in diabetes, bipolar disorder,
and AD has already been identified, and considerable
progress has been made in the development of vari-

ous GSK-3p-inhibitory molecules. The use of GSK-3
in the noninvasive imaging of various pathological
conditions has yet to be explored; however, some re-

searchers have begun developing imaging probes
targeted to GSK-3.[93-98]

Clinical Studies on GSK-3 Inhibitors

Of the many developed GSK-3 inhibitors, only a
few have reached clinical trials in human subjects.
Here, we review clinical studies that have resulted in
peer-reviewed articles along with studies listed on
clinicaltrials.gov for GSK-3 inhibitors. We included
Tideglusib (94), LY2090314 (95), Enzastaurin (96), and
lithium chloride (97) in our discussion (Table 15).

Table 14. First Quinoline Analog Acting as a
Non-ATP-Competitive Inhibitor
OH o
H
AN
NNy W
o
L O
Compound No 1Csp (uM) Ref.
93 (VP0.7) 3.0120.14 [92]

Number written inside the parenthesis corresponds to the original number /code
given to the respective compound in their original publication.

Figure 5. The binding sites available on the surface of GSK-3. (Reproduced from Palomo et al.[92] with permission from the American Chemical Society.)
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Table 15. GSK-3 Inhibitors Under Clinical Investigation

C IN Structure of GSK-3
ompound Ao. inhibitors tested IC5 Value (nm) Type of Disease(s) Ref.
(lit. com. No.)* . !
clinically
m > »
(Tidegmsih} o] Alzheimer’s disease,
(NP031112) N)LN O GSK-3p =60 _ Ffmﬂlf??f“’ﬁ o [99-101]
(NP-12) 1 s’l supranuclear palsy
0
95 GSK-3a =15 Pancreatic cancer, [102, 103]
(LY2090314) GSK-3p = 0.9 leukemia
H
On. N_ .0
= =
O N 4 0 PKC (protein
96 (Enzastaurin, N N Kinase _(’) p=06 Recurrent glioma, -
) A nh also . [104], [105]
LY317615) ovarian cancer,
suppresses GSK-
N 3
N
| e
=
97 o . GSK-3p=2.0 Alzheimer’s disease, . .
(Lithium) Lithium Chloride mM (Ki) bipolar disorder (57, 106-111]

*The number written inside the parenthesis corresponds to the number/code given to the in the original publication.

Tideglusib (94), also known as NP031112/NP-12,
was designed for the treatment of AD and progressive
supranuclear palsy (PSP).[99-101] The latter is char-
acterized by the deterioration of cells in areas of brain
that control body movement and thinking. Tideglusib
binds irreversibly to the non-ATP-competitive
GSK-3p site, as demonstrated in a binding study using
radiolabeled Tideglusib (*3S-tideglusib) and GSK-3f
C199A.[112] An ICsp value of 60 nM was
reported.[112] The safety and efficacy characteristics
of Tideglusib were investigated in human patients
with AD and progressive supranuclear palsy.[99, 101]
This small study (n= 30 mild-moderate AD subjects)
showed Tideglusib to be safe.[101] Importantly, AD
patients treated with Tideglusib showed a considera-
ble improvement in the mini-mental status examina-
tion (MMSE), a test that measures cognitive function,
and thus encourages further clinical trials.[101] Two
other clinical studies were conducted using Tide-
glusib in patients with PSP.[99],[100] The drug was
reported to be safe with some minor side effects, but it
did not show any clinical improvement in the PSP
patients.

The GSK-3 inhibitor LY2090314 (95) was de-
veloped by Eli Lilly for the treatment of cancer.[103] It
selectively targets the ATP-binding site as a competi-
tive inhibitor. The clinical study was focused on the
pharmacokinetics, metabolism, and excretion of the
GSK-3 inhibitor 95 in humans. The clearance of 95 in
cancer patients was very rapid in the first hour, less
rapid in next 8 hours, and ever slower at the 24-hour
time point. The half-life of 95 in humans was reported
to be 1.8 to 3.35 hours, and the primary site of metab-
olism was identified as the piperidine ring, opening to
aminopropionic acid and piperidine
N-dealkylation.[102, 103] However, the authors did
not report any therapeutic effects of 95.[102, 103]

Enzastaurin, also known as LY317615 (96), was
developed as a selective inhibitor for PKC-$ with an
IC5 of 0.6 nM. However, it indirectly reduces the
phosphorylation of GSK-3(3.[113] A clinical trial was
carried out using enzastaurin in patients with recur-
rent gliomas and ovarian cancer.[104, 105] The drug
showed unacceptable toxicity at the higher doses re-
quired for clinical efficacy and was therefore discon-
tinued.[104, 105]
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Lithium (97) has been utilized for decades as a
clinical treatment of bipolar disorder and is known to
act at least in part through GSK-3 inhibition.[111, 114,
115] A major role of GSK-3p in neurologic disorders
has been implicated due to its phosphorylation of tau
protein. Hyperphosphorylation of tau is a pathologi-
cal characteristic of Alzheimer’s disease. Accordingly,
various clinical studies have evaluated the therapeutic
effect of lithium on AD.[106-108] The results of these
trials appear mixed. Some studies reported no effects,
whereas other reported mild affects. However, there
remains an interest to continue further clinical studies
with lithium as a treatment option for AD to obtain
more meaningful information.

Therapeutic Prospects

To date, involvement of GSK-3 in the patho-
physiology of a wide variety of diseases, including
type 2 diabetes,[2-6] bipolar disorder,[116] schizo-
phrenia,[117-121] AD,[24, 30, 31, 122, 123] PD,[124]
developmental  disorders[24, 27, 125] and
cancer,[126-130] has been implicated. Among these,
the most studied example of a GSK-3[-targeted
therapy is obesity/diabetes. Various pharmaceutical
companies have developed a variety of high-affinity
GSK-3B inhibitory molecules as anti-diabetics.[2-6]
Nikoulina et al.[6] reported higher expression levels
of GSK-3 in the skeletal muscle of type 2 diabetic pa-
tients relative to healthy subjects. Inhibition of GSK-3
in obese mouse models resulted in reductions in body
weight and serum glucose levels and increases in se-
rum insulin, C-peptide, and adiponectin.[131]

The second most studied GSK-3p-targeted
therapy is for the treatment of BD. Lithium (a known
inhibitor of GSK-3), valproic acid, and atypical anti-
psychotics have produced mild improvement of BD
patients” cognitive condition.[132-137] Li et al.[26]
reported considerably higher levels of GSK-3
(non-phosphorylated) in bipolar manic subjects than
in healthy controls. Kozlovsky et al.[120] found sub-
stantially lower levels of GSK-3p in the post-mortem
brains of schizophrenic patients in comparison to the
levels in normal human brains.

The frequent dysregulation of the canonical
Wnt/B-catenin and PI3K/Akt signaling pathways in
cancer and the intrinsic role of GSK-3 in these path-
ways have made a strong connection between GSK-3
and cancer.[126-130] Dysregulation or silencing of
GSK-3 has been documented in advanced prostate
cancer.[138] Therefore, therapeutic modulation of
GSK-3 could be advantageous in cancer therapy.

Evidence is growing for a connection of GSK-3
dysregulation in neurodegenerative diseases, such as
AD and PD.[139] AD has been suggested to be both
directly and indirectly associated with GSK-3

dysregulation.[122] Hooper et al.[122] proposed a
“GSK-3 hypothesis of AD” and emphasized hyper-
phosphorylation of tau protein mediated by GSK-3 as
a mechanism leading to neuronal apoptosis. With
regard to PD, Morales-Garcia et al.[124] reported a
neuroprotective effect in PD using GSK-3 inhibitors in
an in vitro model of dopaminergic cell death.

Imaging Prospects: To develop an imaging
probe, various critical and essential factors must be
considered. Among these, biochemical, physiological,
and chemistry aspects are essential for a successful
imaging probe development. In 2010, Cohen summa-
rized the obligatory criteria for the study of protein
kinase inhibitors.[140] He emphasized that, due to the
conservation of ATP-binding sites across various
protein kinases, there is a high probability of inhibi-
tion of additional protein kinases other than the tar-
geted protein kinase. Therefore, he suggested a man-
datory evaluation of protein kinase inhibitors against
a wide array of different kinases (50-100) to assess the
specificity —and  selectivity of a particular
inhibitor.[140] Several studies have been published on
displacement assays[141-143] and tissue based as-
says,[144, 145] which could be meticulously utilized
depending upon the target site
(ATP-competitive/non-ATP-competitive binding or
allosteric interaction) for GSK-3 inhibitors. The judi-
cious use of displacement assays and tissue-based
assays would no doubt accelerate the screening of
new GSK-3 inhibitors. Higher binding affinity, greater
selectivity, minimal reversibility, lower non-specific
binding, higher metabolic stability, excellent solubili-
ty of the drug in an injectable formulation, and known
or defined mode of interaction are the ideal charac-
teristics of the imaging probe.

There are often challenges in synthetic chemistry
or radiochemistry to obtain the desired probe once the
biochemical and physiological characteristics are op-
timized. Depending on the imaging modality, the
synthetic chemistry requirements may vary consid-
erably. For example, optical probes are challenged to
maximize photon yield while minimizing photo-
bleaching. PET probes are challenged by their shorter
half-life and dependence on automation to reduce
radiation exposure. For a PET imaging agent to suc-
ceed, a reliable and efficient method of synthesis that
is translatable across radiochemistry facilities must be
established. Furthermore, the synthesis method must
be amenable to current Good Manufacturing Practice
(cGMP) methods with a comprehensive quality as-
surance program if the probe is to be applied in hu-
man subjects.

GSK-3 Imaging Probe Developments
The disparate levels of GSK-3 in various patho-
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physiological conditions offer the potential for it to be
exploited as an imaging biomarker for diagnosis and
therapy monitoring. Recently, radiolabeled imaging
probes for PET have been developed based on known
GSK-3 inhibitors (Table 16). Hick et al.[94, 146] and
Vasdev et al.[95] reported two 11C-labeled compounds
(98, 99) based on AR-A014418 (IC50 = 104 nM) can act
as PET probes for GSK-38. These compounds were
successfully radiolabeled; however, their ex vivo bio-
distribution showed no appreciable brain uptake in

conscious rodents.[95] Wang et al.[98] developed the
HNC-radiochemistry to label the GSK-3 inhibitor
SB-216763 (ICsp = 34 nM for both GSK-30./ isoforms)
(100), but no biological evaluation data were reported.
However, recently Li et al.[147] conducted a prelimi-
nary study using the same compound, [''C]SB-216763,
in rodents and non-human primates for PET imaging.
Authors reported a high initial uptake in GSK-3 rich
regions of the brain (e.g., thalamus, striatum, cortex,
and cerebellum) followed by washout. In 2014, Cole et

al.[97] reported the 'C-labeling

Cl_‘:'“p““';‘ ne Structure ICs Value Ref. of pyrATP-1 (ICs = 4.9 nM) to
(lit: com. No,) ~ form 1C- pyrATP-1 (101) that
98 J_L can serve as a PET probe of
(["CJAR- ”\7/”” ”H/\©\ 104427 nM [95] GSK-3pB for imaging in neuro-
O 0 Nﬁs o''cH, degenerative  diseases.  Alt-
: 5 hough autoradiography using
9 il this compound in ex vivo rat
mhg:\ﬁi AR N\V/NH’ “NH 104427 nM [146] brain slices showed specific
A014418) - ocH binding in the cortex, caudate
OM v = putamen, and nucleus accum-
Oy N\ 0 bens but there was very little
100 — uptake in the brain after in vivo
(["CISB-216763) N O 34 nM [98],[147] administration in rodents and
o ol in non-human primates. Brain
o, uptake of "C-pyrATP-1 was
PN moderately enhanced when rats
I o were pre-treated with a known
= p
101 Q N P-glycoprotein (P blocker
(["CJPyrATP-1) N\ NH_ 49nM [80], [97] &y copr (Pgp) )
) (\N, \ | P cyclosporine A, suggesting that
N ) o the radioligand was subjected
ik p to back-flux from the brain
t:‘Nf through Pgp transporter.
102 M Br
(['*F]VP1.15) Q)Lu's Nd
O
18
He/ 145, 14) | T2ble 16, PET Imaging Probes for
(
' GSK-3
u;s o y ;
([15F]VP1.15) N
@ Abbreviation: Nd, not determined.
0 *The number written inside the parenthesis
104 Br corresponds to the number/code given to the
(['"*E]EPB-) /@*/ Nd compound in the original publication.
18F
105 N GSK-3p = 60
| o SK-3p =
[1Cltideglusib N~g M [151]
o 1.2nM, 2.1
o6 CY TN Gskcsalp)
[NC]PF-367 o L‘-—‘N in three [152]
¢l different
" enzymatic
o- Ot assays
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Recently, Mossine et al.[148, 149] reported radi-
osynthesis of three PET probes (102-104) for potential
GSK-3 imaging of CNS. Two of these molecules (102,
103) are analogs of 5-imino-1, 2, 4-thiadiazole (ITDZ)
class of GSK-3 inhibitors reported by Perez et al.[150]
Neither ICso value nor imaging data of any of the new
analogs (102-104) were reported, but biological eval-
uation studies are ongoing.[148, 149]

In a preliminary communication, Mossine et
al.[151] labelled tideglusib (105) via ['C] CO- fixation
and cyclization as ["'C]tideglusib but did not present
imaging or biodistribution data. Tideglusib is a
well-known non-ATP competitive and irreversible
inhibitor of GSK-3p as described previously.[99-101]
Liang et al.[152] discovered and labeled a new
GSK-3a/ inhibitor N-(3-(1H-1,2,4-triazol-1-
yl)propyl)-5-(3-chloro-4-methoxyphenyl)oxazole-4-ca
rboxamide ( PF-367) having ICsy values of 1.1 nM, 2.1
nM and 9.0 nM as measured via three different en-
zymatic assays. PET probe 106 showed equal affinity
for both GSK-3a and f, while exhibiting >450- fold
selectivity for GSK-3 in a panel of >400 neurorecep-
tors, enzymes and kinases.[152] The imaging potential
of labeled [MC]PF-367 (106) was investigated in
non-human primates and showed fairly uniform
brain distribution with a peak uptake of 2 SUV units
followed by a fast clearance[152].

More effort is likely forthcoming in the devel-
opment of brain-penetrant PET probes for GSK-3. In
addition to the challenge of avoiding the potential
effects of Pgp transport, the radioligand should selec-
tively bind to GSK-3 in its non-phosphorylated active
state rather than its phosphorylated inactive state. As
previously mentioned, most GSK-3 inhibitors from
which a radioligand would be derived were identified
from ATP-competitive binding assays performed
while the kinase was in its active state. This method-
ology provides excellent structural stability of the
kinase protein for identification of high-affinity in-
hibitors. However, the homology of the ATP-binding
site across a broad range of kinases can result in poor
specificity of the inhibitor for the target kinase.[153]
The corresponding imaging radioligand may likewise
suffer poor specificity. For this reason, we believe that
an alternative approach may be needed to achieve
ligand/inhibitor constructs with sufficient affinity
and selectivity to succeed as GSK-3 imaging agents.
Clearly, a thorough understanding of the signaling
pathways and factors governing GSK-3 expression
and its phosphorylation state in various pathological
conditions will be instrumental in the meaningful
interpretation of GSK-3 radioligand imaging.

Perspectives and Conclusions

GSK-3 is involved in a large number of key cel-

lular processes and exhibits dysregulation in a wide
variety of disease states. Accordingly, modulation of
GSK-3 activity has been deemed an important ap-
proach for therapy and imaging. As shown in this
limited review, a very large number of GSK-3 inhibi-
tors have been synthesized. However, as reflected in
the slow progress of these inhibitors toward clinical
translation, a number of challenges remain. Adverse
effects caused by off-target activity of GSK-3 inhibi-
tors were determined after the screening of com-
pounds that bind to the ATP-competitive binding site
conserved across a broad range of kinases. Therefore,
it would be extremely advantageous to design and
develop GSK-3 inhibitors that can selectively target
individual pathways and differentiate between the
phosphorylated and non-phosphorylated forms of
GSK-3. In this regard, parallel development of a
therapeutic molecule with a closely related imaging
biomarker may allow early evaluation of drug can-
didates based on noninvasive imaging measurements
of the target-to-background ratios. Imaging can also
be instrumental in defining the brain uptake patterns
of GSK inhibitors intended for brain-related disor-
ders, which would allow for the early dismissal of
candidates that show poor brain penetration or reten-
tion. Alternative approaches to ligand design may be
needed to improve GSK-3 targeting specificity for
both therapy and imaging purposes.
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