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A series of carboxylic acid glycogen phosphorylase inhibitors, which have potential as oral antidiabetic
agents, is described. Defining and applying simple physicochemical design criteria was used to assess
the opportunity and to focus synthetic efforts on compounds with the greatest probability of success.
The study led to compound 17, which exhibits a good balance of properties including potent inhibition
of recombinant human liver glycogen phosphorylase in vitro, a good DMPK profile including excellent
bioavailability and low clearance and good in vivo activity in a glucagon challenge model of diabetes
in Zucker rats.
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Type 2 diabetes is a complex disease caused by defects in both During the course of our research into GPa inhibitors and our

the action and secretion of insulin, leading to fasting hyperglyca-
emia and vascular complications. It has become one of the leading
causes of death and affects over 150 million people worldwide,
with its prevalence expected to double by the year 2025.1 Current
therapies do not achieve adequate glycaemic control,2 hence there
is a need for new, effective pharmacological agents.

Glycogen phosphorylase (GP) catalyses the breakdown of glyco-
gen to glucose-1-P. In the liver this is metabolised further to glu-
cose which is then secreted into the bloodstream. One approach
to reducing hyperglycaemia in Type 2 diabetes is to seek to restore
normal net hepatic glucose balance by inhibition of hepatic GP.3

The more active phosphorylated form (GPa) of the enzyme is a
homodimer having an inhibitory allosteric binding site at the di-
mer interface for which synthetic ligands have been described pre-
viously by us,4 and others,5 including ingliforib (CP368296)5f

which has undergone phase II clinical evaluation.
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search for the optimal biological profile we aimed to develop a
complementary series of compounds with a different pharmacoki-
netic and physical property profile to that described previously.4

One way this could be achieved was via introduction of an acid
functionality into the molecule. This would give the opportunity
to enhance the solubility profile of the series whilst varying the
DMPK (drug metabolism and pharmacokinetic) parameters, partic-
ularly clearance and volume of distribution, to help identify the
optimal biological profile. Preliminary docking studies suggested
there was an opportunity to introduce a carboxylic acid moiety
whilst maintaining or even enhancing potency. Whilst the idea of
introducing an acid functionality was appealing we were fully
aware of the potential issues of poor oral absorption and high plas-
ma protein binding leading to low free plasma exposure after oral
dosing, which we knew would be detrimental to achieving the de-
sired in vivo effect.6

In order to achieve the required free plasma exposure after oral
dosing it was clear that the physicochemical properties of the mol-
ecules would need to be balanced to achieve the required oral
absorption and clearance (leading ultimately to good oral bioavail-
ability) and plasma protein binding. Therefore, prior to embarking
on the synthesis of compounds, we wanted to understand if there
was an area of physicochemical property space that could be tar-
geted with this acidic series that could give the best chance of
achieving the required balance of properties. An early assessment
of feasibility was achieved by analysing in house AstraZeneca data
on compounds containing carboxylic acids across a range of pro-
jects and chemical classes. Based on these known compounds this
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Figure 1. Design process from brainstorm to selection for synthesis.
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analysis revealed an area of physicochemical property space where
it looked as if this balance could be achieved (clog P 3–5; hydrogen
bond donors 63; hydrogen bond acceptors 67; %polar surface area
(%PSA) 24–28% (PSA defined as the sum of surfaces of polar atoms
in a molecule) and molecular weight <450). We then aimed to tar-
get this area of physicochemical property space in the design of no-
vel acidic compounds and avoid investing time synthesising
compounds where the probability of achieving the desired profile
would be very low.

A brainstorm led to over 900 new ideas of acidic compounds
being enumerated by the project team and a virtual library of com-
pounds was built and their physicochemical properties calculated
(Fig. 1). The above physicochemical property criteria were then ap-
plied to these virtual compounds to reduce the number of ideas to
those that we believed would have the greatest chance of meeting
the requirements of the project. This filtration left 230 potential
compounds for synthesis. Each of these compounds was then as-
sessed based on the feasibility for chemical synthesis and docking
studies into the known x-ray structure of the human enzyme.4,7

This left 48 compounds that were prioritised for synthesis.
Gratifyingly the initial compounds synthesised proved to be po-

tent inhibitors of recombinant human liver glycogen phosphory-
lase as shown in Table 1.8,9 For example, the acetic acid
derivative, 1, had an IC50 of 57 nM. The left hand side chain was
varied with a set of substituted indoles and heterocyclic indole
isosteres and showed a positive relationship with lipophilicity
(determined by clog P). The most potent compound identified
was 7 (IC50 = 18 nM) containing a dichlorothienopyrrole side
chain.4b All attempts to reduce the lipophilicity of the left hand
side heterocycle led to a reduction in activity (e.g., the azo-indole
derivative 6). There was a marked difference in the activity of the
enantiomers of the indan ring. The data generated clearly showed
the most active enantiomer had the (1R,2R) configuration as shown
with the enantiomeric pairs (examples 3 and 8, and 7 and 9). As
hoped the compounds all have excellent solubility in the millimo-
lar range (data not shown10) and importantly, as predicted by the
design criteria, most compounds have excellent oral plasma expo-
sure and high bioavailability in the rat, ranging from 41–88% after
dosing 5 mg/kg orally (po) and 2 mg/kg intravenously (iv). For
example, the most potent compound 7 had good oral bioavailabil-
ity of 65% in the rat. The one exception was azo-indole 6 with an
extra H-bond acceptor in the compound compared with the other
derivatives. However, despite these compounds meeting the de-
sign criteria, they were more protein bound than expected (com-
pounds in Table 1 ranged from 0.01% to 0.12% free in rat plasma).11

Compounds with variation in the acidic side chain could also be
designed to meet the design criteria in an attempt to further en-
hance potency whilst reducing protein binding. The results for
the dichlorothienopyrrole sub-series are shown in Table 2. Differ-
ing substitution was well tolerated providing potent inhibitors of
GPa with IC50 20–60 nM. For example, the acetic acid side chain
could be extended to a propionic (10) or butanoic acid (11) and
maintain good potency with IC50 values �50 nM. Introduction of
heteroatoms was also tolerated. For example, the oxy-acetic acid
side chain 12 had excellent potency as did both the thioacetic acid
and sulfonyl containing side chains (14 and 15, respectively). Sub-
stitution on the a-carbon of the side chain could also be tolerated
as exemplified by the a-methoxyethyl substituted acetic acid 17.
Interestingly, just as the stereochemistry of the indan ring was crit-
ical, the stereochemistry of the substituent on the side chain was
also very important for potency. For example, for the pair of diaste-
reoisomers 17 and 18 there was a 10-fold difference in potency.
However, varying the side chain gave a wider spread of oral bio-
availability compared to what was observed with varying the left
hand side heterocycle. Varying the side chain explored a broader
range of physicochemical properties and hence the design criteria
were tested more thoroughly leading to a wider spread. Com-
pounds with just carbon-containing side chains (e.g., 10 and 11)
maintained the very high oral bioavailability, whilst introduction
of heteroatoms gave a broader range of bioavailability. Compound
13 showed a heteroatom could be introduced into the acid side
chain and still maintain good oral exposure. In comparison 12
and 15 had very poor rat bioavailability. For both, this can most
likely be explained by poor oral absorption as a result of; for 12,
an increased acidity of the acid functionality and for 15, the fact
the sulfone functionality causes the physicochemical properties



Table 1
Acetic acid derivative SAR

Compound R Enzyme
inhibitiona

IC50
b (nM)

clog P Rat oral
bioavailability
(%)

1 57 3.9 77

2 160 3.4 88

3 40 3.6 41

4 76 4.1 65

5 52 4.1 41

6 260 3.2 11

7 18 4.4 65

8c 1200 3.6 —

9c 1500 4.4 —

a Using recombinant human liver GPa: glucose-1-phosphate production from
glycogen monitored by a multienzyme coupled assay.7

b n = 3, unless otherwise stated.
c Compounds 8 and 9 have the (1S,2S)-enantiomeric configuration. Compounds

1–7 have the (1R,2R) configuration.

Table 2
Variation of the acid side chain

Compound R Enzyme
inhibitiona

IC50
b (nM)

clog P Rat oral
bioavailability
(%)

10 56 4.4 80

11 54 4.9 118

12 30 4.3 5

13 59 4.5 55

14 40 4.8 23

15 42 4.0 2

16 56 4.0 2

17c 17 4.7 150

18c 170 4.7 65

a Using recombinant human liver GPa: glucose-1-phosphate production from
glycogen monitored by a multienzyme coupled assay.2

b n = 3, unless otherwise stated.
c Compounds 17 and 18 are individual diastereomers. The configuration of the

asymmetric centre in the a-position of the carboxylic acid is not known.
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to lie at the upper end of the design criteria regarding %PSA (25.4)
and above the upper limit of molecular weight (515). When both
the greater acidity of the acid group and the higher %PSA are com-
bined it is no surprise that 16 had very low oral bioavailability (pKa

2.5, %PSA 28.5). Combining these observations in the a-substituted
acetic acid derivatives, such as 17, allowed us to meet the design
criteria and also not affect the pKa of the acid group and subse-
quently maintain excellent oral bioavailability. These compounds
were still highly protein bound but some reduction in protein
binding was achieved. For example, 15 was 0.3% free in rat plasma.

Once a larger dataset on acid compounds from our own series
was available, the data was reanalysed to increase the specificity
of the design criteria to guide design within this specific series of
compounds. The analysis revealed this series had a narrower win-
dow of physicochemical properties to be able to achieve good oral
exposure (as measured by area under the concentration–time
curve after oral dosing to rats) compared to the original data set
of broader chemical structures. As an example Figure 2 shows
the plot of total area under the curve after oral dosing in the rat
normalised to a 1 mg/kg oral dose versus %PSA. The plot shows that
all compounds with a normalised area under the curve of greater
than 15 lM/h have a %PSA less than 24.5. This is at the lower
end of our original design criteria. The redefined criteria are hence
more stringent than before leaving a very narrow window to main-
tain high oral exposure and modify other properties. For example,
as all three H-bond donors in compound 17 are required for bind-
ing there was no scope to introduce a further H-bond donor to try
to reduce plasma protein binding and maintain good oral
bioavailability.

Compounds 7 and 17 had the best overall profile with excel-
lent potency, high rat bioavailability, low clearance and low vol-
ume of distribution as shown in Table 3. Furthermore both
compounds showed no inhibition of the hERG encoded potas-
sium channel12 (IC50 >30 lM) and no activity against a panel
of cytochrome P450 isoforms (1A2, 2C9, 2C19, 2D6, 3A4; <50%
inhibition at 10 lM).

Compound 17 was taken forward to test in a glucagon challenge
model of diabetes in Zucker rats.13 In this model administration of
glucagon increases hepatic glucose output through cAMP mediated
activation of GP. Compounds were dosed orally to between four
and six animals in each group (basal blood glucose was around
5–6 mM) and did not affect pre-glucagon challenge blood glucose
at doses which inhibited the glucagon response. When dosed at
17 lmol/kg (dose volume 5 mL/kg) 45 min prior to the glucagon,



Figure 2. Area under curve (lM/h) normalised to a 1 mg/kg oral dose in the rat versus %PSA.

Table 3
Pharmacokinetic data for compounds 7 and 17

Compound Clearance
(mL/min/kg)

Volume of
distribution
(L/kg)

Oral half
life, t½ (h)

Oral
bioavailability
(%)

7 0.23 0.2 8 65
17 0.40 0.2 7 118

Compounds dosed at 4.3–4.9 lmol/kg (iv) and 11–12.2 lmol/kg (po) to male AP
Wistar rats.
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17 caused a 50% lowering of the induced glucose increase, mea-
sured 90 min after the compound dose.

In conclusion, a novel series of acidic glycogen phosphorylase
inhibitors is described leading to compound 17. Compound 17
exhibits a good balance of properties including potent inhibition
of recombinant human liver glycogen phosphorylase (GPa) in vitro,
a good DMPK profile including excellent bioavailability and low
clearance and good in vivo activity in a glucagon challenge model
of diabetes in Zucker rats. Defining and applying simple physico-
chemical design criteria to assess the opportunity within a new
series and to focus synthetic efforts on compounds with the great-
est probability of success were also described.
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