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Abstract—A new class of diacid analogues that binds at the AMP site not only are very potent but have ~ 10-fold selectivity in liver
versus muscle glycogen phosphorylase (GP) in the in vitro assay. The synthesis, structure, and in vitro and in vivo biological eval-
uation of these liver selective glycogen phosphorylase inhibitors are discussed.
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It is known that excessive hepatic glucose production
(HGP) is a significant factor contributing to the diabetic
hyperglycemia. The liver is the major regulator of
plasma glucose levels in the post-absorptive state, and in
type 2 diabetics HGP is significantly higher than non-
diabetics.!> The liver produces glucose by gluconeo-
genesis and glycogenolysis. Type 2 diabetics have been
reported to display elevated gluconeogenic rates.>>
Efforts to control HGP with gluconeogenesis inhibitors
have not been very successful except for metformin. On
the other hand, the reduction of glycogenolysis to
reduce HGP via inhibition of glycogen phosphorylase
has generated a lot of interest in recent years.* In
humans, glucose is stored as glycogen in high con-
centrations in skeletal muscle and liver tissues, where
glycogen degradation is regulated by the control of the
activity of glycogen phosphorylase.

Our research efforts have been focused on searching for
liver selective human glycogen phosphorylase inhibitors
to treat type 2 diabetic patients. We wanted to avoid
inhibiting the muscle glycogen phosphorylase due to
concern about the effect of McArdle’s disease.

McArdle’s disease is a defect in glycogen metabolism
confined to muscle where the muscle phosphorylase
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activity is absent. The patient is otherwise normal and
well developed except exhibits limited capability to per-
form strenuous exercise. Published data* and our inter-
nal research® have shown that the dimer interface
inhibitors display only marginal (2- to 3-fold) or no
selectivity between liver and muscle isozymes. On the
other hand, our research has found that a class of diacid
analogues not only are very potent but have about 10-
fold selectivity liver versus muscle in the in vitro assay.
One of the best compounds in the series, compound
11h,° was evaluated in the glucagon challenge PD model
and it lowered glucose more than 50% at 30mpk at
60 min after oral administration. X-ray crystallography
studies indicate that this class of compounds binds at
the AMP site. In this letter we discuss the synthesis,
structure, as well as in vitro and in vivo biological eval-
uation of these glycogen phosphorylase inhibitors.

The syntheses of these diacid analogues are summarized
in Schemes 1 and 2. Commercially available 3-amino-2-
naphthol was mixed with dimethyl 4-nitrophthalate and
potassium carbonate in DMF at 100°C for 12h to
afford 2. Compound 2 reacted with the corresponding
acid chlorides to give amides 3. Amides 3 were then
either treated with phenyltrimethylsilane and iodine at
110 °C or with aqueous NaOH to afford final diacids 4.

In a similar fashion, the substituted phenyl analogues
were prepared. Commercially available 4-hydroxy
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Scheme 1. Synthesis of naphthyl diacids: (a) dimethyl 4-nitrophtha-
late, K,CO;, DMF, 100°C; (b) RCOCI, CH,Cl,, DIEA or RCO,H,
EDC, DIEA, CH,Cl,, 49-75%; (c) PhTMS, I,, 110°C or NaOH,
MeOH/H,0, 12-68%.
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Scheme 2. Synthesis of phenyl diacids: (a) K,CO3;, DMF, 100°C, 6;
66%; (b) Hp, Pd/C, EtOH, 40 psi; HCl; 100%; (c) RCOCI, DIEA,
CH,Cl, or RCO,H, EDC, DIEA, CH,Cl,; 18-43%; (d) PhTMS, I,
110°C, 28-70%.

phthalic acid (5) was treated with thionyl chloride in
methanol under refluxing conditions to provide dime-
thyl 4-hydroxyphthalate (6) in good yield. 1-Fluoro
2-nitrobenzenes (7) were treated with 6 and potassium
carbonate in DMF at 100°C to yield ethers 8. Hydro-
genation of 8 with Pd/C at 40 psi gave amines which
were converted into hydrochloride salts 9. These amides
were coupled with the corresponding acids or acid
chlorides to afford amides 10. Final deprotection of 10
using phenyltrimethylsilane and iodine at 110°C gave
the desired products 11.

Compounds 4a-i and 1la-k were evaluated in the
enzyme inhibition assay against human liver and muscle
glycogen phosphorylase and the cell based assay.” The
results are outlined in Tables 1 and 2. Initially, we
investigated the SAR of 4 around the aromatic amides.
Phenyl amide 4a is a weak GP inhibitor to both liver
and muscle with a moderate selectivity (4.3-fold). The
3-nitrophenyl analogue 4b is about 100-fold more

Table 1. SAR of naphthyl diacid analogues’
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potent than 4a for the liver with a selectivity ratio of 6.
Introducing a nitrogen atom at the a-position of the
phenyl carboxylic amide improves liver selectivity by
17-fold (4¢ vs 4a). Combining these features, the pyri-
dine analogue 4d,® is the most potent compound
(ICspiiver =1nM) in the series with a slight drop of
selectivity (3-fold). Compared with 4d, the chloropyridyl
and the methoxypyridyl analogues are similarly potent
with improved selectivity. The methyl and the tri-
fluoromethyl analogues are 10-fold less potent than 4d,
while the ethyl analogue loses only 4-fold of potency
against the liver enzyme. All three of the alkyl analogues
display better selectivity than 4d (Table 1).

In a different SAR study, we attempted to determine the
effect of the substitutions on the central phenyl ring.
For a better comparison, we used the best amides from
the previous study. In the non-substituted phenyl series
11(a—e), we observed a similar trend: NO, > Cl=~OMe.
The nitropyridyl analogue 11a is very potent (3nM) and
selective (8-fold). Other phenyl analogues (11b—c) are
about 10-fold less potent than the corresponding naph-
thyl analogues (4e—f). Interestingly the selectivity ratios
for the non-substituted phenyl analogues (11a—e) are 8-
to 12-fold better than the naphthyl analogues. But in the
cell based assay, only 11a and 11e show low pM inhibi-
tory activity. In the substituted phenyl series (11f-k), we
investigated the effect of the fluorine substitution at
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Table 2. SAR of phenyl diacid analogues’
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Compd R X HLGP HMGP Ratio GRAPH
(nM) (nM) (M)
ma %My N H 3 25 8 1
Clo
11b Y H 17 181 10 8
e 5 ~r H 20 200 10 13
11d "X H 39 468 12 15
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O,N
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various positions. As shown in Table 2, 3’-fluoro phenyl
analogue 11f has moderate liver activity, but it displays
a low uM activity in the cell based assay. If this trend
holds, the substituted pyridine analogues should be sig-
nificantly better. It turns out that these analogues dis-
play better cell activity (11gh,i) while maintaining
enzymatic inhibitions. For example, compound 11g is 3
times more active both in the inhibition assay and in the
cell assay than 11a. In fact, compound 11g is another
excellent GP inhibitor (ICso=1nM) along with 4d as
the results of our SAR studies have shown. The cell
based assay shows that these 3’-fluorinated phenyl ana-
logues are 9- to 29-fold more active than the corre-
sponding  non-fluorinated  analogues but the
4'-fluorinated analogues do not improve the cell based
activity.

In the light of these studies, we further investigated how
these acids would act on the mouse and rat liver
enzymes. Not surprisingly, all of the selected com-
pounds display similar activity among the human,
mouse and rat liver enzymes. The result might give us a

Table 3. A comparison among human, mouse and rat liver enzymes’

Compd HLGP Mouse liver Rat liver
(nM) GP (nM) GP (nM)
11b 17.4 14 16
11c 20 18 24
11e 16 14 19
11f 249 207 302
11h 10 <9 <9

Figure 1. X-ray crystallographic representation of the complex of
compound 11a with neighboring residues of rabbit muscle glycogen
phosphorylase.

useful guide to correlate the animal study with the
potential human studies. Table 3 summarizes these data.

To understand where and how these acids are bound to
the enzyme, an X-ray crystallographic analysis has been
performed. Given the similarity between the liver and
muscle enzymes and among the animal species, we chose
the readily available rabbit muscle enzyme. Compound
11a was co-crystallized with the rabbit muscle enzyme
(details to be published elsewhere).'® The crystal struc-
ture of the complex, solved to 2 A resolution, shows that
11a binds at the AMP site of the enzyme and the mol-
ecule bends to a V-shape (Fig. 1). The diacid forms a
number of stabilizing interactions with Arg 81, Arg 309
and Arg 310 and Tyr 155. The central aromatic ring
inserts into a lipophilic pocket containing Val 45, Gln
72 and Tyr 75. The pyridine ring of 11a fits into another
pocket formed by Trp 67 and Val 40', Ile 68 and Gln 71.
The nitro group appears to stack with the guanidinium
group of Arg 193. It is still not fully understood why the
pyridyl nitrogen is so important for the binding. It is
hypothesized that the nitrogen atom in the ring may
change the electron distribution of the aromatic ring
facilitating the beneficial interactions in the pocket.
Figure 1 shows the picture of the binding site.

Compound 11h was chosen for further in vivo studies
based on its excellent cell inhibitory activity and reason-
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Figure 2. Effect of 11h on glucagon-induced glucose levels.

able pharmacokinetics.” It was carried out in glucagon
challenge model. In the study, 11h was dosed in the
animals at 30 and 100 mpk. The plasma glucose levels of
the treated and untreated C57BI/6j mice were then
monitored. Sixty minutes later, glucagon was intro-
duced. As shown in Figure 2, in the treated group, the
glucose levels were reduced initially at both 30 and
100 mpk. Once dosed with glucagon, the glucose level in
the untreated animal was significantly higher than the
vehicle; on the other hand, the glucose levels of the
treated group increased only slightly. The glucose levels
were lower than that of the vehicle as well (Fig. 2). This
indicates that even dosed with glucagon compound 11h
is able to lower the glucose level significantly.

The in vivo selectivity study of compound 11h will be
the subject of another publication.!" In summary, we
have discovered a new class of glycogen phosphorylase
inhibitors that bind at the AMP site. One of the best of
these inhibitors has shown an ability to reduce plasma
glucose in vivo.
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