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Abstract: The serine/threonine kinase Akt, also known as protein kinase B (PKB), plays a key role in cell survival and 

proliferation through a number of downstream effectors. Recent studies indicate that unregulated activation of the 

Phosphatidylinositol 3-kinase (PI3K)/Akt pathway is a prominent feature of many human cancers and Akt is over-

expressed or activated in all major cancers. For these reasons, Akt is considered as an attractive target for cancer therapy. 

In the past few years, several series of compounds with diverse structural features have been reported as Akt inhibitors, 

such as, ATP-competitive inhibitors, Phosphatidylinositol (PI) analogs, and allosteric inhibitors. Although most of the 

inhibitors exhibited potent inhibitory activities at nanomolar concentrations against Akt, some of them have shown 

unfavorable selectivity against other protein kinases especially PKA and PKC. This review will focus on the recent 

advances in the development and biological evaluation of selective ATP-competitive inhibitors for Akt. We will 

summarize the novel approaches toward the developments of selective ATP-competitive inhibitors, expecting to give 

information to design new ATP-competitive inhibitors with high selectivity, bioavailability, and potency. 

Keywords: Akt, ATP-competitive inhibitors, PI3K/Akt signaling pathway, selective. 

INTRODUCTION 

 The serine/threonine kinase Akt, also known as protein 
kinase B (PKB), has a key role in the regulation of cell 
survival, proliferation and growth [1]. Akt belongs to 
Phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway 
and recent studies indicate that unregulated activation of the 
PI3K/Akt pathway is a crucial feature in many human 
cancers [2]. Akt is over-expressed or activated in all major 
cancers, such as ovarian, breast and pancreatic cancers [3-7]. 
The activated Akt phosphorylates a series of substrates, 
which could block apoptosis pathway, promote cell 
proliferation, and maintain the survival of tumor cells [5, 8]. 
Inhibition of Akt proves to be an effective way to cancer 
intervention. Several Akt inhibitors are now or once in 
clinical trials [9]. Perifosine, a phospholipid derivative of 
alkylphosphocholine targeting the PH-domain, is currently in 
Phase II study [10]. MK-2206, an allosteric inhibitor of Akt, 
is testing in Phase I [11]. RX-0201, an antisense 
oligonucleotide to mRNA encoding Akt1, is in Phase I [12]. 
GSK690693 is an ATP-competitive inhibitor which was 
once into Phase I study [13], it was terminated probably for 
the reason of causing hyperglycemia [14]. GSK2141795, an 
oral Akt inhibitor with undisclosed structure information 
currently under development by GlaxoSmithKline, is being 
assessed in a Phase I trial [15]. XL-418 is dual inhibitor of 
Akt and p70S6K, but it was suspended due to low drug 
exposure in Phase I trial [16]. The selectivity is the most 
important principle in designing Akt inhibitors. Otherwise  
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unselective inhibitors will lead to side effects unexpected by 
blocking a wide range of kinases, such as protein kinase A 
(PKA) and protein kinase C (PKC) [17]. 

 Akt belongs to AGC kinase super family (the term AGC 
kinase was coined by Steven Hanks and Tony Hunter1 in 
1995 to define the subgroup of Ser/Thr protein kinases based 
on sequence alignments of their catalytic kinase domain), 
and has a high degree of homology with PKA and PKC 
which are also AGC kinases [18]. Many typical PKA and 
PKC inhibitors have been identified as inhibitors of Akt 
because of the high degree of homology in the ATP binding 
pocket [19, 20]. However, this is a double-edged sword, 
because ATP-competitive inhibitors face a challenge of 
selectivity over other kinases specially AGC family kinases 
for the reason of high degree of homology [21]. Numerous 
reviews [22-35] related to Akt physiological action and Akt 
inhibitors, but few focus on the selectivity. Since 2005, lots 
of drug design strategies were used leading to series of ATP-
competitive inhibitors with potent selectivity. Some of ATP-
competitive inhibitors were once into the clinical trials or 
had excellent pre-clinical properties. This review will focus 
primarily on the selective small molecule ATP-competitive 
inhibitors. We will provide research-related reference 
materials for the design of new anti-cancer drugs. 

Structure of Akt 

 Akt is divided into three isoforms, Akt1/PKB , 
Akt2/PKB , and Akt3/PKB , which share a high degree of 
structural similarity and approximately 85 % sequence 
homology. Especially in the ATP-binding site it is 100 % 
except for one non-crucial amino acid in Akt3. Because of 
these, the inhibitors targeting the ATP-binding site have 
potent activity to inhibit all of three isoforms. Akt contains 
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an amino terminal pleckstrin homology (PH) domain, a 
central kinase domain (catalytic domain) and a carboxyl-
terminal regulatory domain [25]. 

 It interacts 
with membrane lipid product, phosphatidylinositol 
(3,4,5)trisphosphate (PIP3) produced by PI3K, to translate 
Akt from cytoplasm to the membrane where Akt is actived 
by the phosphoinositide-dependent kinase 1 (PDK1) and the 
rictor-mammalian TOR (mTOR) complex [37-39]. The 
catalytic domain locates in the central region of the 
molecule, including the ATP-binding site and the substrate 
binding site. A  

ATP-binding site region

Activation and Function of Akt 

 The PI3K/Akt signaling pathway starts from receptor 
tyrosine kinases (RTKs). RTKs are activated by growth 
factors and directly activate PI3K on the membrane. RTKs 
also activate PI3K indirectly through the Ras signaling 
pathway. PI3K phosphorylates the lipid second messenger 
phosphatidylinositol (4, 5) isphosphate (PIP2) into phos-
phatidylinositol (3, 4, 5) triphosphate (PIP3) which departs 
from the membrane to cytoplasm and recruits and activates 
PDK1. Meanwhile, PIP3 binds directly to the PH domain of 
Akt, recruits Akt from cytoplasm to the membrane and 
induces a conformational change of Akt to expose its two 
phosphorylation sites, Thr308 and Ser473 (for Akt2). PDK1 
partly activates Akt by phosphorylating Thr308. Full 
activation of Akt is associated with phosphorylation by 
rictor-mTOR complex (mTORC2) on the residue Ser473 
within a C-terminal hydrophobic motif which is 
characteristic of the AGC kinase family [38]. Then, Akt is 
fully activated and dissociates from the membrane to the 
cytoplasm and the nucleus, where it phosphorylates 
numerous substrates [40]. 

 In the nucleus, Akt controls gene transcription by 
inhibiting the activities of the forkhead (FOXO) transcription 
factors [41]. Phosphorylation of FOXO transcription factors 
by Akt results in the loss of function as mediators of 
apoptosis and cell-cycle arrest, leading to cell proliferation 
and survival [42]. Akt inactivates targets, such as pro-
apoptotic protein Bad, apoptosis signal-regulating kinase 1 
(ASK-1) and caspase-9, and also controls the cellular 
survival. Bad is a member of the Bcl-2 apoptosis-regulating 
proteins and is located on the mitochondria bound to Bcl-XL 
(a member of the BCL-2 family of proteins), inducing cell 
death. Phosphorylation by Akt leads to the loss of its pro-
apoptotic properties [43]. ASK-1 is a positive regulator of 
cell apoptosis by activating p38 and Jun amino-terminal 
kinases (JNKs) [44]. Akt could phosphorylate ASK1 on 
Ser83 and inactivates the apoptotic function of ASK1, 
leading to the enhancement of cell survival [45]. Caspase-9 
is an important protease in the intrinsic apoptotic pathway 
[46]. Akt inhibits its pro-apoptotic activity by 
phosphorylation on Ser196 [47, 48]. Cyclin-dependent 
kinase inhibitors such as p21 and p27 cease the cell cycle, 
but once phosphorylated by Akt, p21 and p27 lost the anti-
cell cycle function [49, 50]. Akt also interferes in glycogen 
metabolism by inhibiting GSK-3 (GSK-3  and GSK-3 ) 

activity, leading to dephosphorylation of glycogen synthase 
and the stimulation of glycogen synthesis [51-54]. mTOR is 
an important regulator of protein synthesis, and exists two 
multi-protein complexes, referred to as mTOR complex 1 
(mTORC1) and mTORC2 [55]. The mTORC1 controls 
anabolic processes for promoting protein synthesis and cell 
growth [56]. Akt reduces the activity of inhibitors of 
mTORC1 to promote protein synthesis [57]. 

Negative Regulation of Akt 

 The tumor-suppressor phosphatase and tensin homolog 
deleted on chromosome ten (PTEN) is the most important 
negative regulator of PI3K/Akt signaling pathway [58-60]. It 
could dephosphorylate PIP3 back to PIP2, resulting in 
PI3K/Akt signaling pathway downregulation. PTEN 
inactivating mutations or deletion often occur in many 
human cancers leading to over-expressed or activated Akt 
[61]. Inhibition of PTEN causes activation of PI3K/Akt 
signaling pathway [62]. SHIP1 and SHIP2 (for Src 
homology domain-containing inositol phosphatase) are two 
phosphatases, removing the 5-phosphate from PIP3 yield 
PIP2 [63, 64]. They both are negative regulators of PI3K/Akt 
signaling pathway. Protein phosphatase 2A (PP2A) is 
identified as a directly negative regulator of Akt. It could 
directly dephosphorylate Akt to inactive Akt [65]. Pleckstrin 
homology domain leucine-rich repeat phosphatase (PHLPP-
1 and -2) are reported to target the Thr308 and Ser473 
residues of Akt, working as negative regulator of Akt [66]. 

ATP-COMPETETIVE INHIBITORS 

Pyridylimidazoleoxadiazolyl Amines Derivatives 

 Researchers in GlaxoSmithKline [67] worked out a way 
to develop selective Akt inhibitors with the understanding of 
Akt structure in the ATP binding site. There is a back pocket 
in the binding site in Akt2 and ROCK1 (Rho-kinase 1), but 
in Akt, a leucine residue lies in the bottom of this pocket, 
whereas the corresponding residue in ROCK1 is a 
methionine. This difference was used to improve selectivity 
for Akt by introducing a steric element into the pocket at C-4 
of the imidazopyridine core of compound 1 (Fig. 1) which 
was a ROCK1 inhibitor. This strategy led to a series of 
pyridylimidazoleoxadiazolyl amines derivatives as ATP-
competitive inhibitors (Fig. 1). These compounds were 
evaluated for their kinase activities against Akt, ROCK1, and 
cellular activities by BT474 cells (human breast carcinoma). 
The results showed that, in terms of Akt activity, there was a 
clear preference for five-membered over six-membered aryl 
rings in the back pocket. Compounds 3 and 4 exhibited 
potent Akt activity as compared to compound 2 (IC50 values 
of 32, 79 and 331 nM). Compound 4 showed potent 
selectivity over ROCK1 with IC50 values of 79 and 562 nM 
for Akt1 and ROCK1. Replacement of furan ring by 2-
methy-3-butyn-2ol group on compound 4 led to compound 5 
with boosted Akt inhibitory activity, meanwhile the selective 
profile over ROCK1 was also increased (IC50 values of 6 nM 
for Akt1, 501 nM for ROCK1). The main difference of the 
furan ring and the 2-methy-3-butyn-2ol group was the steric 
property. The furan ring was too big to enter the back 
pocket, while the 2-methy-3-butyn-2ol group was suitable to 
penetrate into the back pocket in Akt. Compound 6 
(GSK690693) with a cyclic constraint amino compared to 5 
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was a highly selective Akt kinase inhibitor versus ROCK1, 
with IC50 values of 2, 13, and 9 nM against AKT1, 2, and 3, 
compared to IC50 values of 890 nM against ROCK1, nearly 
450 folds more selective. An X-ray cocrystal structure was 
solved with GSK690693 and the kinase domain of Akt2, 
confirming that GSK690693 bound in the ATP binding site, 
and the 2-methy-3-butyn-2ol group heading into the back 
pocket as designed. It could significantly decrease GSK3  
phosphorylation in BT474 tumor for up to 8 h after single ip 
dose in SCID mice at 20 mg/kg [68]. Furthermore, daily 
dosage of GSK690693 (ip, 30 mg/kg) resulted in 64% 
inhibition of tumor growth as compared to vehicle treated 
mice in BT474 xenografts [69]. It was also selective against 
some members of the AGC kinase family, such as MSK1 
and RSK1. However, it showed less selectivity for other 
AGC kinases, such as PKA, PrkX, and PKC isozymes. With 
the understanding of the high degree of homology in the 
ATP binding site within PKA, PrkX, and the PKC isozymes, 
the poorer selectivity for these kinases was not entirely 
surprising. Other kinases inhibited by GSK690693 were 
AMPK and DAPK3 from the CAMK family and PAK4, 5, 
and 6 from the STE family. GSK690693 was the first ATP-
competitive inhibitor getting in clinical trial as an IV agent 
used by patients with solid tumors or hematological 
malignancies, but it was suspended probably for the reason 
of causing hyperglycemia [14]. 

 In order to improve pharmacokinetic or pharmaco-
dynamic properties to that of GSK690693, Rouse et al. [70] 
investigated C-6 side chain of this scaffold that have 
afforded compounds (7~11, Fig. 2) with comparable activity 
profiles to that of GSK690693. Compounds 7, 8 and 9, 
which contained aromatic substitution adjacent to the amine, 
offered significant enhancements in enzyme and cellular 
potency compared to compounds 10 and 11 (IC50 values 
against Akt1 kinase of 0.6, 1, 2, 4 and 3 nM, cellular 
activities of 0.08, 0.04, 0.041, 4 and 13 μM by determining 
inhibition of phosphorylation of GSK3  in BT474 cells). 
Compounds 7, 8 and 9 displayed PK profiles suitable for IV 
dosing, but their oral administration properties were not 
ideal. Compound 8 showed statistically significant dose 
dependent inhibition, comparable to the response observed 

for GSK690693 in a mouse pharmacodynamic study of 
inhibition of GSK3  phosphorylation in BT474 xenografts in 
vivo. There was no report about clinical trials of these 
pyridylimidazoleoxadiazolyl amines derivatives to date. 

 This series of pyridylimidazoleoxadiazolyl amines 
derivatives had a 2-methy-3-butyn-2ol group which was 
observed to function as an important selectivity element to 
reduce ROCK1 inhibitory activity of this chemical class. 
This substituent could also significantly improve the activity 
against Akt. The studies on the C-6 and C-7 side chain 
showed that cellular potency was affected by the alicyclic 
amines [69, 70]. For the first time, these compounds were 
targeting the back pocket in the ATP-binding site, and 
modest selective profile was gained. Further studies on the 
back pocket probably lead to more selective inhibitors. 
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Fig. (2). Structures of compounds modified on the C-6 side chain. 

Substituted-Pyridine Derivatives 

 Researchers in Abbott Laboratories [71, 72] found a 
series of 3,5-di-substituted-pyridine derivatives as ATP-
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competitive Akt inhibitors (Fig. 3). This series of 3,5-di-
substituted-Pyridine derivatives displayed potent inhibitory 
activity against Akt, and the selectivity over other kinase 
were acceptable. 

 Compound 12 was identified as a promising Akt inhibitor 
lead from their compound library by high-throughput 
screening [71]. It was an ATP competitive inhibitor with an 
IC50 of 5.29 μM against Akt1. The structure-activity 
relationship (SAR) studies at the trans-3,4-bispyri-
dinylethylene of 12 and modifition of the alkylamine led to a 
nanomolar Akt inhibitor 13 [73]. Compound 13 exhibited 
activity with IC50 value of 14 nM against Akt1, and excellent 
selectivity against distinct families of kinases such as TK 
and CAMK. But it displayed poor to marginal selectivity 
against the AGC and CMGC families of kinases. The 
cyclization studies [74, 75] at the stilbene double bond of 13 
to lock the conformation were evaluated, providing 3-
isoquinolinylpyridine compound 14 with a 10-fold boost in 
potency against Akt1 (IC50 value of 1.3 nM). Antipro-
liferative activity against FL5.12-Akt1 and MiaPaCa-2 cells 
were improved to 0.42 and 0.59 μM. The X-ray structures of 
14 in complex with PKA in the ATP-binding site showed the 
nitrogen of the isoquinoline bond to the hinge via a hydrogen 
bond with the backbone NH of Val123. However, further 
SAR studies at the isoquinoline scaffold; found these analogs 
had poor pharmacokinetic profile, especially cellular 
toxicity. Metabolism at the C-1 position of the isoquinoline 
was responsible for the poor pharmacokinetic profile of this 
series of Akt inhibitors. However, blocking this site failed to 
provide potency against Akt [71].  

 Replacement of the metabolically labile isoquinoline of 
compound 14 to heterocyclic pharmacophores led to the 
discovery of indazole-pyridine derivative 15 (A-443654) 
[76], oxindole-pyridine derivative 16 [77] and pyrazolo-
pyridine-pyridine derivative 17 [78]. The indazole, oxindole 
and pyrazolopyridine groups provided two hydrogen 
bonding interactions to the hinge-binding region. This 
change provided great improvement in potency against Akt1 
(IC50 values of 0.16 nM, 0.17nM and 0.34 nM for 15, 16 and 
17, respectively). A-443654 was 40-fold selective for Akt 
over PKA, 200-fold selective over PKC  (IC50 values of 6.3 
nM and 33 nM). The compound showed cellular activity 
against MiaPaCa cells (Soft Agar EC50 = 44 nM; MTT EC50 
= 100 nM; GSK3  EC50 = 300 nM) and caused significant 
delay in the growth of tumors in mouse xenograft models. 
When given in combination with paclitaxel, A-443654 
increased the efficacy of paclitaxel in a PC-3 xenograft mode 
which was a PTEN-deficient human prostate carcinoma cell 
line. When given in combination with rapamycin, an mTOR 
inhibitor, in the Mia-PaCa-2 model, rapamycin was 
significantly less toxic and could be maintained longer, 
leading to more durable responses. The efficacy observed for 
the combination of the Akt and mTOR inhibitors was better 
than that observed for either agent alone [72]. Tumor growth 
inhibition was examined in vivo efficacy in several mouse 
tumor models dosed subcutaneously at 7.5 and 15 mg/kg/day 
for 14 days, and the inhibitor was found to significantly slow 
the growth of the tumors. But the tumors regrew when 
compound administration was ceased. The deficiency of A-
443654 was a short half-life (t1/2 = 0.6 h in mouse) and no 
oral bioavailability. [76] 
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Fig. (3). Structures of 3,5-di-substituted-Pyridine derivatives. 
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 Replacing the indole with a phenyl moiety in compound 
15 (A-443654) led to compound 18 (A-674563), an orally 
available inhibitor [79]. Despite a nearly 100-fold loss in 
potency (IC50 values of 14 nM) compared to A-443654, 
compound 18 showed a comparable efficacy in vivo as A-
443654 at higher doses and displayed an improved 
pharmacokinetic profile in several species (mouse, rat, and 
dog). Despite a relatively short half-life (IV t1/2 =1 h in 
mouse), compound 18 showed 70% oral bioavailability in 
mice with respectable plasma drug exposure (PO auc = 2.0 
μM ·h, 10 mg/kg). However, the selectivity over ROCK1 and 
PKA was poor with IC50 values of 79 nM against ROCK1, 
16 nM against PKA [79, 80]. 

 To improve the selectivity of compound 18 over other 
protein kinases, a nitrogen atom was incorporated into 
selected phenyl analogues of 18 at the C-6 position of the 
methyl indazole scaffold. Meanwhile, several substitutions 
were introduced into phenyl of 18. These modifications 
resulted in the discovery of compound 19 which displayed 
excellent potency against Akt1 with an IC50 of 0.6 nM, 
improved selectivity over other protein kinases (22 folds 
selectivity over PKA, 120 folds over PKC ), and improved 
cardiovascular safety profile [71]. Compound 19 was orally 
bioavailable in mice (F= 25%), with a longer half-life (t1/2= 
1.8 h) and similar plasma exposure (auc = 1.7 μM·h) at 10 
mg/pk. When dosed orally in conscious mice up to 150 
mg/kg, no statistically meaningful hypotension was 
observed. Compound 19 was negative in a dog Purkinje 
assay, indicating relatively less risk of cardiovascular QT 
prolongation. 

 Lin et al. [80-82] developed a new series of 2,3,5-
trisubstituted pyridine derivatives (Figs. 4 and 5) as selective 
Akt inhibitors based on compounds 6 (GSK690693), 15 (A-
443654) and 18 (A-674563). They overlaid 6, 15 and 18, 
suggesting that a C-2 substitution of the core pyridine of 15 
and 18 could occupy the space, where the 2-methy-3-butyn-
2ol substituent resided in 6. Substitution at the 2-position of 
the core pyridine with phenyl diminished ROCK1 inhibition, 
a more than 200-fold improvement in selectivity over 
ROCK1 was achieved when comparing compound 20 (IC50 
values of 50 nM against Akt1, > 10000 nM against ROCK1) 

and compound 18 (IC50 values of 125 nM against Akt1, 79 
nM against ROCK1) [80]. Compounds 20 and 21 
demonstrated improved Akt1 potency (IC50 values of 15 nM 
for 21). Besides, compounds 24, 25 and 26, with the 
halogenated ortho-phenol, were observed as being potent and 
selective (IC50 values of 10, 3 and 63 nM for Akt1, 9800, 
7600 and >10000 for Rock1, respectively). Especially, 
compound 25 demonstrated single digit nanomolar potency 
against AKT1 and greater than 2,000-fold selectivity over 
ROCK1. However, the meta- and para-phenol derivatives, 
compounds 22 and 23, were less potent Akt1 inhibitors. The 
3-furanyl derivative 27 was observed to be much more 
potent and selective than the 2-furanyl region isomer 28 with 
IC50 values of 10 nM compared to 790 nM. Compound 27 
maintained the activity and increased the selectivity over 
ROCK1 (IC50 values of 5200 nM against ROCK1). 
However, direct introduction of 2-methy-3-butyn-2ol group 
in 18 led to compound 29 with decreased activity against 
Akt1 (IC50 values of 10500 nM for 29). This study showed 
that the 3-furanyl group (compound 27) was the most 
tolerance substituent on C-2 position of the core pyridine, 
leading to improved selectivity over ROCK1. 

 Compounds 30-37 (Fig. 5) were synthesized to further 
improve enzymatic potency against Akt of this chemical 
class by replacing the S-phenylalaninol side chain with S-
tryptophanol. Compound 30 exhibited activity with an IC50 
value of 1 nM, which was a 10-fold increase of potency 
against Akt1 compared to 27. The 2-methyl-3-furan group at 
2-position of the core pyridine provided the most significant 
increase in activity (compound 31 with IC50 value of 0.8 nM 
against Akt1). Compound 31 was highly potent in cellular 
mechanistic assay with IC50 value of 84 nM measuring the 
reduction of phosphorylated GSK3  in BT474 cell line. 
Substitution of fluorine on the 5-, 6-, and 7-position of indole 
on 30 led to compounds 32-34, which were equipotent in 
anti-Akt1 activity and cellular activity with compound 30 

(IC50 values of 1, 0.8 and 1 nM against Akt1). This 
modification was not significantly influenced the activity. 
Introduction of nitrogen atom in indole on 30 led to less 
tolerated compounds 35-37, their anti-Akt1 activity and 
cellular activity were decreased (IC50 values of 8, 13 and 10 
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Fig. (4). Structures of 2,3,5-trisubstituted pyridine derivatives. 
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nM for Akt1, 930, 6800 and 4300 nM for cellular activity, 
respectively). 

 Compound 30 was profiled in an in vivo pharmaco-
dynamic assay using a BT474 tumor xenograft model in 
mice for intracellular Akt activity by measuring the 
inhibition of GSK3  phosphorylation. However, because of 
the poor physical properties, high lipophilicity (clogP = 4.45) 
and high protein binding, compound 30 failed to show a 
pharmacodynamic effect. Besides, compound 30 was 
observed as very potent CYP450 3A4 inhibitor, displaying 
50 nM potency. In order to improve drug-like properties and 
kinase selectivity, a series of azaindazole analogs 38-42 (Fig. 
6) were designed by introducing one or two nitrogen atoms 
in the indazole ring to increase polarity of the molecule and 
to lower the clogP values [82]. Compounds 39 and 42, 
showed clogP values of 4.17 and 3.96, were not acceptable, 
without activity and selectivity improvement. Compounds 
38, 40 and 41 displayed lower clogP values (3.75, 3.31 and 
3.31) than that of 30, accompanied improved drug-like 
properties. The anti-Akt activity of three compounds was 
maintained with IC50 values of 1, 2 and 1 nM against Akt1. 
Compound 40 displayed reduced protein binding rate 
compared to 30 (90.9 % vs 95.9 %) and improved kinase 
selectivity, 10-fold decreased potency against PKA, almost 
100-fold decreased potency against MSK1, CYP450 3A4 
inhibitory activity decreased to 400 nM. When studied in a 
BT474 tumor xenograft model at a dose of 50 mg/kg 
(intraperitoneal administration), compound 40 exhibited 
more than 80% inhibition of GSK3  phosphorylation. 

 Introduction of a C-6 substitution on the core pyridine of 
2,3,5-trisubstituted pyridine derivatives led to tetrasubs-
tituted pyridines compounds 44-47 [81] (Fig. 7). Compounds 
44-47 maintained or slightly increased the enzymatic 
potency by introduction of an amino group (IC50 values of 3, 
1, 1 and 1 nM against Akt1, 15, 15, 19 and 13 nM against 
Akt2, 1, 2, 2 and 3 nM against Akt3, respectively). 
Compound 46 showed reduced CYP450 3A4 inhibitory 
potency (IC50 value of 5000 nM) and hERG channel 
inhibitory potency (IC50 value of 10400 nM) compared to 

trisubstituted pyridine analog 43 (IC50 values of 630 nM 
against CYP450 3A4, 1400 nM against hERG channel). 
Compound 46 was not selective over PKA. In the 
pharmacokinetic study using mouse, rat, dog and monkey, 
compound 46 exhibited higher exposure and lower clearance 
in all species. Besides, it could significantly decrease GSK3  
phosphorylation in BT474 tumor xenograft mouse model 
after single ip dose at 50 mg/kg. Furthermore, daily dosing 
of 46 (ip, 30 mg/kg) resulted in 59% inhibition of tumor 
growth compared to vehicle treated mouse in BT474 tumor 
xenografts. 

 By reviewing the evolutionary process of these 
substituted-pyridine derivatives, the structure of these 
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Fig. (5). Structures of 2,3,5-trisubstituted pyridine derivatives. 
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inhibitors can be outlined in a general formula (Fig. 8) and 
their SAR could be summarized as bellow:  
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Fig. (7). Structures of compounds 43 to 47. 

1) The core pyridine was the key structure of these 
inhibitors, and can’t be replaced by pyridazine or 
pyrazine [81].  

2) The aliphatic amine with hydrophobic groups were 
crucial for activity and selectivity, especially (S)-2-
amino-3-(1H-indol-3-yl)-1-propoxy group [71-73, 
81].  

3) When the “Ar” group was directly connected to core 
pyridine to lock the conformation, the inhibitory 
potency increased. The introduction of nitrogen atom 
on the “Ar” group was beneficial to the activity, 
selectivity and pharmacodynamic effect [82].  

4) The substitution on C-2 (-R) and C-6 (-R’) was 
helpful to increase selectivity over other kinase [80, 
81].  

N R'

Ar

R

Alicyclic amine

 

Fig. (8). General formula of substituted-pyridine derivatives. 

Substituted-Thiophene Derivatives 

 Lin et al. [83] disclosed a 2,5-di-substituted-thiophene 
derivatives as ATP-competitive Akt inhibitors (Fig. 9). High 

throughput screening of Akt3 inhibition identified compound 
48 as a weak inhibitor with IC50 value of 3000 nM. 
Optimization of the halogen substitution on the terminal 
phenyl ring led to compound 49 with increased activity (IC50 
value of 610 nM). Addition of an aminomethyl group to the 
amide linker got compounds 50 and 51, which were 
enantiomers. The S-enantiomer 51 displayed optimal 
potency against Akt3 than the R-enantiomer 50 (IC50 values 
of 2.6 and 240 nM). When tested in DOV13 ovarian 
carcinoma cells, compound 51 inhibited cell proliferation 
with EC50 value of 1 μM. However, compound 51 showed a 
poor selectivity profile over PKA (IC50 value of 0.1 nM). 
The co-crystal structure of 51 in complex with PKA was 
determined, showing some key interactions including the 
aminopyrimidine with the hinge region, the primary amine 
with the Mg

2+
 binding site and the phenyl group with the 

glycine-rich loop. These interactions could explain the poor 
selectivity profile of compound 51. 

 Recently, another series of substituted-thiophene 
derivatives (Fig. 9) were developed by Seefeld et al. [84]. 
Through a screening of the GSK kinase inhibitor collection, 
Compound 52 was identified as low nanomolar ATP-
competitive inhibitors of Akt1 (IC50 value of 6 nM). 
Structural optimization on 52 led to compounds 53-56. 
Introduction of a bromo group (compound 53) or a phenyl 
(compound 55) alone on C-3 position of thiophene core was 
less tolerated (IC50 values of 8 and 50 nM). Modification of 
phenyl group on compound 53 improved the activity (IC50 
values of 1 nM for 54, 1 nM for 56). Compound 56 inhibited 
cell proliferation with EC50 value of 0.24 μM in BT474 cells. 
Besides, it could significantly decrease GSK3  
phosphorylation in BT474 tumor xenograft mice model for 
up to 4 h after single ip dose at 25 mg/kg. However, the poor 
selective potency over AGC family of kineses was observed, 
such as ROCK1 and PKC  (IC50 values of 2 and 40 nM). 

Substituted-Azole Derivatives 

 Zeng et al. [85, 86] reported a series of 2,5-di-substituted 
1,3,4-thiadiazole derivatives as Akt inhibitors (Fig. 10). Lead 
compound 57 was found to inhibit Akt1, PKA and cyclin-
dependent kinase 2 (CDK2) at nanomolar (IC50 values of 76, 
54 and 72 nM, respectively). Introduction of hydrophobic 
group on the C-3 and C-4 positions of terminal phenyl ring 
led to compounds 58-60, which exhibited improved activity 
against Akt1 with IC50 values of 6.1, 8.9 and 5.5 nM, 
respectively. The inhibitory potency against PKA and CDK2 
was also increased, no significant selectivity over PKA or 
CDK2 was observed. An X-ray co-crystal structure of 59 and 
PKA showed that there were two hydrophobic interactions 
between the methyl group on the indazole ring and two 
residues of PKA. The deletion of these interactions was 
helpful to the selectivity. Compound 61, without methyl 
group of indazole ring, showed 20-fold selectivity over PKA, 
4-fold selectivity over CDK2 (IC50 values of 6.0 nM against 
Akt1, 108 nM against PKA and 24 nM against CDK2). 
Compound 62 in which the isoquinoline provided two 
hydrophobic interactions as methyl group of indazole ring, 
lack selectivity over PKA (IC50 values of 3.0 nM against 
Akt1, 8 nM against PKA). When tested in U87MG cells, 
compound 61 inhibited cell proliferation with IC50 value of 
0.44 M by measuring phosphorylation of PRAS40 (Akt 
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substrates) via an enzymelinked immunosorbent assay 
(ELISA), 0.15 M by measuring the translocation of 
FKHRL1 (Akt substrates). 

 The effort to explore the SAR around the core azole ring 
while keeping the isoquinoline linker binder element of the 
potent thiadiazole analog 62 led to compounds 63-66 [86] 
(Fig. 11). However, these compounds showed decreased 
inhibitor activity against Akt1 (IC50 values of 404, 17, 1600 
and 85 nM, respectively). Compound 67 (Fig. 11) proved 
that the thiazole core played the role as thiadiazole in 
compound 62, maintaining the activity with IC50 values of 
4.9 nM against Akt1. But 67 inherited the poor selectivity 
over PKA with IC50 values of 5.9 nM because of the 
isoquinoline group. Replacement of isoquinoline group 
generated compounds 68, 69 and 70 (Fig. 11) with 
significant selectivity over PKA (IC50 values of 8.5, 18.3 and 
8.0 nM against Akt1, 39.9, 167 and 326 nM against PKA). 
This confirmed that the deletion of the hydrophobic 
interactions between the isoquinoline group and PKA was 
helpful to increase the selectivity. The cellular potency of 
compounds 69 and 70 was tested in U-87 MG cell with IC50 
values of 0.3 and 0.5 μM. Compounds 67, 69 and 70 were 
advanced into in vivo experiments. Compound 67 was orally 

bioavailable in male Sprague Dawley rats (F = 20 %) with 
longer half-life (t1/2 = 2.9 h). Compound 70 had poor 
bioavailability (F = 11 %) and longer half-life (t1/2 = 3.8 h). 
Compound 69 exhibited 64% oral bioavailability with 
respectable plasma drug exposure (auc = 2600 ng·h/mL, 5 
mg/kg) and longer half-life (t1/2 = 4.3 h). All of these 
compounds were cleared via oxidation of the thiazole ring 
[87], therefore their half-lives were similar. In vivo 
pharmacodynamic (PD) studies in mice six hours after a 30 
mg/kg dose, plasma concentration of 69 was about 10-fold 
over its cellular IC50, and significant inhibition of PRAS40 
phosphorylation was observed (43%). Furthermore, daily 
dosage of 69 (po, 30 mg/kg) resulted in 93% inhibition of 
tumor growth compared to vehicle treated control in U-87 
MG tumor xenografts in nude mice. 

Substituted-Piperidine Derivatives 

 Caldwell et al. [88] reported a series of substituted-
piperidine derivatives (Fig. 12). Their previous study [89] 
identified compound 71 as an unselective Akt inhibitor over 
PKA with IC50 value of 20 nM. In order to get the selective 
inhibitors, modifications of 71 were employed leading to 
compounds 72-76. Compound 72 shared the most structural 
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similarity to 71 with IC50 values of 25 nM against Akt2, 54 
nM against PKA. When 4-chlorophenyl substituent or 4-
chlorobenzyl substituent directly connected to piperidine 
core compared to 72, the inhibitory potency against Akt2 and 
PKA was both increased (compound 73 with IC50 values of 8 
nM against Akt2, 5 nM against PKA, compound 74 with 
IC50 values of 5 nM against Akt2, 9 nM against PKA). With 
the 4-chlorophenyl substituent and amino group directly 
attached to the 4-position of the piperidine, compound 75 
were potent Akt2 inhibitors with no selectivity over PKA 
(IC50 values of 7 nM against Akt2, 15 nM against PKA). 
However, replacement of the 4-chlorophenyl substituent to 
the 4-chlorobenzyl substituent in 76 (CCT128930) 
introduced 30-fold selectivity for Akt2 over PKA (IC50 

values of 6 nM against Akt2, 168 nM against PKA). The X-
ray structures of 73, 74, and 76 suggested that the piperidine 
linker, the terminal amine and lipophilic group in this 
chemical series appear to work together to achieve the 
selectivity over PKA by exploiting the relatively subtle 
differences between PKA and PKB in the ATP-binding site. 
The cell growth inhibition of compound 76 was tested in PC-
3M human prostate cancer cells with IC50 values of 12 μM 
using sulforhodamine B colorimetric assay, 3.0μM 
measuring GSK3  phosphorylation. In the pharmacokinetic 
study in mice, compound 76 exhibited good distribution to 
tissue (Vss = 0.25 L), short half-life (t1/2 = 0.95 h, iv, 
25mg/kg) and low bioavailability (Foral = 8.5 %). 

 Recently, McHardy et al. [90] reported modifications of 
compound 76 to the identification of selective and orally 
bioavailable inhibitors of Akt2 with in vivo antitumor 
activity (Fig. 13). Variation of the substituents on the benzyl 
group of 76 led to compounds 77 and 78 with potent activity 
and increased selectivity over PKA. Compound 77 showed 
inhibitory potency with IC50 values of 27 nM against Akt2, 
3400 nM against PKA (126-fold). Compound 78 was more 
potent than 77 with IC50 values of 8.5 nM against Akt2, and 

was 153-fold selective over PKA. The selectivity seemed to 
be connected with the lipophilic group, so compound 79 with 
2-napthyl group was synthesized with intermediate level of 
selectivity (70-fold) and IC50 value of 7.0 nM against Akt2. 
The X-ray crystal structure of compound 77 bound to Akt2 
showed that the tert-butyl substituent occupied the lipophilic 
pocket formed by the P-loop of Akt, and the 4-amino 
substituent interacted with Glu236 and Glu279 in the ribose 
pocket. Modification of lipophilic group and the chain length 
between the 4-aminopiperidine and lipophilic group led to 
compounds 80-83. The 4-chlorobenzyl derivative 80 
exhibited the most potent inhibitory activity with IC50 value 
of 2.2 nM against Akt2, but the selectivity over PKA was 
decreased (14-fold). Variation of the position of the chlorine 
atom in the aromatic ring (compounds 81, 82 and 83) 
showed decreased Akt2 inhibitory activity (IC50 values of 36, 
4.9 and 5.7 nM, respectively). The azaindole analog 84 and 
8-oxopurine analog 85 also showed decreased activity and 
selectivity compared to compound 80 (IC50 values of 12 and 
5.0 nM). In the cellular activity assay, compound 80 
exhibited potent inhibitory activity with IC50 values of 2.3 
and 0.93 μM using cellular ELISA for inhibition of GSK3  
phosphorylation in PC-3M cells and U87MG (Glioblastoma) 
cells. In the pharmacokinetic properties study, compound 80 
showed very good oral bioavailability in mice (Foral= 58 %). 
When tested in mice bearing established subcutaneous 
U87MG human glioblastoma xenografts, doses of 80 up to 
200 mg/kg (5 days dosing in 7) were well tolerated with no 
effects on mouse body weight and resulted in 23% inhibition 
of tumor growth compared to control groups. At 4 h after a 
single dose at 200 mg/kg po, high levels of 80 were found in 
plasma and tumor samples (20 and 43 μM, respectively). 

Substituted-Pyrrolidine Derivatives 

 Compound 86 (Fig. 14) was identified as Akt inhibitor by 
Lippa et al. [91] with IC50 value of 2.4 nM against Akt1. 
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Fig. (11). Structures of substituted-azole derivatives. 
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Fig. (13). Structures of compounds 77 to 85. 

However, compound 86 exhibited no selectivity over PKA 
with IC50 value of 3.6 nM against PKA. Freeman-Cook et al. 
[92] reported a series of substituted-pyrrolidine derivatives 
(Fig. 11) based on the study of compound 86. Investigation 
on the potential new scaffolds by replacing the spiroindoline 
substituent of 86 by various structurally diverse amines led 

to selective compounds 87 and 88 (19- and 17-fold selective 
for Akt1 over PKA, respectively), although their inhibitory 
activity was decreased (IC50 values of 68 and 180 nM). The 
(3R)-aminopyrrolidine core was responsible for conferring 
selectivity. X-ray structures of 88 bound to Akt1 and PKA 
were determined, showing that C-3 primary amine of the 
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(3R)-aminopyrrolidine core was displayed in a pseudoaxial 
orientation and formed a salt bridge to Glu-234 in Akt1. 
Introduction of substitution at the C-3 methine would lock 
the amine into the required pseudoaxial conformation in 
Akt1. However, any extension at that position in PKA would 
likely result in a steric clash with nearby residues. This 
strategy of introducing substitution at the C-3 methine of 3-
aminopyrrolidine core generated racemic compound 89 with 
potent inhibitory activity and selectivity (IC50 values of 16 
nM, 51-fold selective over PKA). But the high lipophilicity 
of compound 89 (clogP = 4.4) led to increased clearance and 
increased hERG binding. The effort to decrease the 
lipophilicity while maintain the activity and selectivity got 
compounds 90-94 with IC50 values at single nanomolar 
concentration. The IC50 values of compounds 90-94 were 
3.0, 1.4, 7.7, 1.1 and 0.5 nM against Akt1, respectively. 
These compounds showed high selectivity, at least 50-fold 
selective over PKA. Compound 94 demonstrated the most 
kinase inhibitory activity, cellular activity (0.31 μM) and 
selectivity, which achieved 900-fold selectivity for Akt1 
over PKA. When tested in 226 kinases, compound 94 
exhibited at least 100-fold selectivity for Akt over other 
kinases. In the pharmacokinetic study in dog, compound 94 
exhibited moderate clearance (11.6 (mL/min)/kg) and 
volume of distribution (4.8 L/kg), well absorbed (F = 54%) 
and a half-life of 4.4 h. The tumor growth inhibition (TGI) 
assays were tested in PC-3 prostate carcinoma xenografts (at 
100 mg/kg b.i.d. dosing for 10 days) and colorectal 
carcinoma (Colo205) xenografts (at 150 mg/kg b.i.d. after 10 
days), with 75% and 60% TGI observed, respectively. 
Compound 94 showed 98% TGI at a dose of 75 mg/kg b.i.d. 
(10 days) combining with rapamycin (10 mg/kg, ip) in PC-3 
prostate carcinoma xenograf, compared to single use with 
TGI of 56% of 94, 66% of rapamycin. Except modest weight 
loss in the highest dosing groups, no significant toxicological 
side effects were observed in these studies. Compound 94 
was nominated for clinical development. 

Substituted-Azepane Derivatives 

 Breitenlechner et al. [93] found compounds 96 ~ 99 as 
selective Akt inhibitors from compound 95 which showed no 
selectivity over PKA (Fig. 15). The pyridine, amide, azepane 
and second amide part occupied the ATP-binding site, while 
the benzophenone part stretched out of the ATP-binding site. 
They used two different amino acid residues outside of the 
ATP-binding site, the phenylalanine 187 in PKA and leucine 
187 in Akt. The leucine had smaller isobutyl group than the 
benzyl group in Phenylalanine. In compound 95, the 
dimethylamino group was fit to interact with both isobutyl 
group and benzyl group, so 95 showed no selectivity over 
PKA (IC50 Values of 30 nM anginst PKA, 23 nM against 
Akt). A series of bulky groups were introduced in to this 
position leading to compounds 96 ~ 99 with modest selective 
profile. Compounds 98 was the most selective for Akt versus 
PKA (IC50 Values of 1900 nM anginst PKA, 20 nM against 
Akt). Compared to other groups in 96, 97 and 98, the 3,3-
dimethylpiperidine group was steric suitable to form 
hydrophobic interaction with leucine in Akt, while it was so 
big that some unfavorable steric contacts existed between 
3,3-dimethylpiperidine group and Phenylalanine in PKA. 
This was the steric reason for selectivity. 

CONCLUSIONS 

 Recent progress in the field of selective ATP-competitive 
inhibitors of Akt kinase has been reviewed. Akt has a key 
role in the regulation of cell survival, proliferation and 
growth. Several series of ATP-competitive inhibitors with 
diverse structural features have been reported as Akt 
inhibitors and hold the promise of being broadly effective 
agents in combination therapy with various standard 
chemotherapeutics. However, Akt inhibitors are facing the 
challenge of selectivity over other kinases. Some selective 
Akt inhibitors have been identified with the understanding of 
crystal structure. The full crystal structures of Akt and the 
difference between Akt and other kinases have been 

N

N N
H

N

NH

CN

N

N N
H

N

NH2

Cl

N

N N
H

N

NH2

CH3

N

N N
H

N CH3

N
H

OPh

H2N

N

N N
H

N R

N
H

O
H2N

X

86 87 88 89(±)

90: R = Me, X = 4-F

91: R = Et, X = 4-F

92: R = CN, X = 2,4-diF

93: R = Cl, X = 2,4-diF

94: R = Et, X = 2,4-diF

 

Fig. (14). Structures of compounds 86 to 94. 



1104    Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No. 13 Wang et al. 

determined, and various cocrystal structures of Akt and 
ATP-competitive inhibitors disclosed the binding 
interactions of Akt and inhibitors [67, 92, 93]. The different 
amino acid residues between Akt and other kinases show 
different properties, such as space size, hydrophobic 
property, static electricity and so on. This is helpful to design 
new selective inhibitors using structure-based drug design. 
Several selective ATP-competitive inhibitors have been 
successfully evaluated such as GSK690693 (compound 6), 
compound 94 and compound 98 in this way. New selective 
ATP-competitive inhibitors on Akt will be explored with 
further studies. 
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