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ABSTRACT: AMP-activated protein kinase (AMPK) is an
evolutionarily conserved fuel-sensing enzyme that is activated
in shortage of energy and suppressed in its surfeit. AMPK
activation stimulates fatty acid oxidation, enhances insulin
sensitivity, alleviates hyperglycemia and hyperlipidemia, and
inhibits proinflammatory changes. Thus, AMPK is a well-
received therapeutic target for type 2 diabetes and other
metabolic disorders. Here, we will report the discovery of
pyrrolopyridone derivatives as AMPK direct activators. We will
illustrate the synthesis and structure—activity relationships of
the series as well as some pharmacokinetic results. Some
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compounds exhibited encouraging oral exposure and were evaluated in a mouse diabetic model. Compound 17 showed oral

activity at 30 mg/kg on blood glucose.
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AMPK, a well-known heterotrimeric serine/threonine-protein
kinase, is a key player in regulating energy metabolism. Because
of the different existing subunit isoforms, 12 different AMPK
complexes can theoretically exist. AMPK has been established
as a sensor and regulator of cellular energy homeostasis."”
Allosteric activation of this kinase due to rising AMP levels
occurs in states of cellular energy depletion. The resulting
serine/threonine phosphorylation of target enzymes leads to an
adaptation of cellular metabolism to the low energy state. The
net effect of AMPK activation induced changes is inhibition of
ATP consuming processes and activation of ATP generating
pathways and therefore regeneration of ATP stores. Examples
of AMPK substrates include acetyl-CoA-carboxylase (ACC)
and HMG-CoA-reductase.® Phosphorylation and therefore
inhibition of ACC leads to a decrease in fatty acid synthesis
(ATP-consuming) and at the same time to an increase in fatty
acid oxidation (ATP-generating). Phosphorylation and result-
ing inhibition of HMG-CoA reductase leads to a decrease in
cholesterol synthesis. Other substrates of AMPK include
hormone sensitive lipase,* glycerol-3-phosphate acyltransfer-
ase,’ and malonyl-CoA decarboxylase,® some of which are
potential drug targets for components of metabolic syndrome.
Additional processes that are believed to be regulated through
AMPK activation, but for which the exact AMPK substrates
have not been identified, include stimulation of glucose
transport in skeletal muscle and expressional regulation of
key genes in fatty acid and glucose metabolism in liver."” For
example, decreased expression of glucose-6-phosphatase,® a key
enzyme in hepatic glucose production, and SREBP-1¢,° a key
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lipogenic transcription factor, has been found following AMPK
stimulation.

The activation of AMPK is deemed to be an attractive
pharmacological approach for the treatment of type 2 diabetes
and other metabolic disorders. More recently, AMPK has also
been suggested as a potential target for pharmacological
intervention in cancer.'” A plethora of small molecules have
been reported to activate AMPK, but most of them in an
indirect manner. Only a few were described to directly activate
AMPK by allosteric activation of its catalytic activity but also by
protection against AMPK-Thr172 dephosphorylation'"'* in-
cluding Metabasis AMP mimetic compound 2'* and Abbott
compound A769662 1."* Unfortunately, A769662 1 was found
to activate only AMPK fl-containing heterotrimers,"* and
neither compound 2 or A769662 1 are useful as oral drug to
explore the effects of AMPK activation utility in long-term
treatments.

Our early discovery program led us to investigate the
pyridone core starting from A769662, 1. We focused our efforts
on replacing the thiophene ring of the Abbott compound 1 by
S-memberred ring heterocycles in order to improve oral
absorption and selectivity profile over the AMPK heterotrimers.

Our initial efforts allowed us to identify the pyrrolopyridone
2 as a new scaffold for AMPK direct activation (Chart 1).*

Shown in Scheme 1 is the general synthetic route for
preparing the pyrrolopyridones discussed in this letter.'” 3-
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Chart 1. Identification of Pyrrolopyridones As AMPK Direct
Activators
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Scheme 1. General Synthetic Route for Pyrrolopyridones®
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“Reagents and conditions: (a) AcCl, Et;N, DCM, RT; (b)
R2PhB(OH),, Cu(OAc),, pyridine or Et;N, air, DCM, RT; (c)
HCl, EtOH, reflux; (d) R1CH,COCl, Et;N, DCM, RT or
R1CH,CO,H, Et;N, coupling reagent, acetonitrile, RT; (e) NaH or
KHMDS in THF or +-BuOK in DMSO.

Amino-pyrroles 3 were first protected as acetates 4 using acetyl
chloride in the presence of triethylamine in DCM at RT. A
Chan—Lam coupling using standard conditions was then
performed to introduce the para-substituted phenyl ring leading
to compounds S in good yields. Deprotection in acidic
conditions of the acetate gave the amino-pyrroles 6 that were
then subjected to peptide-coupling conditions to lead to amides
7. Finally, cyclization of compounds 7 in the presence of strong
base afforded the desired pyrrolopyridones 8. In some cases,
the R2 substituent is further elaborated either from compound
6 or 8 using know chemistries as shown in the Supporting
Information section.

As shown in Table 1, compound 2 is a potent AMPK direct
activator of the alf1yl heterotrimer slightly less potent than
A769662, 1. Compound 2 was directly assessed in mice
pharmacokinetic experiment in order to determine the
potential of the series. The compound was thus dosed at 30
mg/kg po and gave better blood exposure and oral
bioavailability than 1 but displayed a higher blood clearance.
Having identified pyrrolopyridones as a new interesting
template activating AMPK, the main objective of the medicinal
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chemistry efforts from 2 was to introduce oral bioavailability by
reducing blood clearance and improve absorption for this series
of compounds. We first tried to replace the phenol in R2 with a
methoxy group to try to reduce clearance; potency dropped
dramatically whatever the position on the phenyl ring is
(compounds 9 to 11). When substituents on compounds 2 and
10 were mixed, compound 12 was found to be potent with a
reduced blood clearance of 2.4 mL/min/kg. Probably due to its
very low permeability, oral bioavailability of 12 was still very
low. Introduction of a chlorine atom at position 2 of the pyrrole
ring (compound 13) led to a nice increase of potency giving us
the most potent compound of the series. This extra substituent
did not improve permeability nor blood clearance, but oral
exposure of 13 started to be of interest for such a potent
activator. Replacement of the guaiacol moiety by a tolyl group
(compound 14) gave a less potent compound but with an
improved pharmacokinetic profile. Compound 14 exhibited a
very low blood clearance and a slightly enhanced permeability
that resulted in a very nice oral exposure and an oral
bioavailability of 14%. The top phenyl ring could be replaced
with a thiophene that gave a potent compound 15. Again,
despite a low permeability, this compound exhibited a nice oral
exposure and an oral bioavailability of 21%. All the compounds
from this series showed very high plasma protein binding
(>99%) that could be attributed in part to the very acidic
nature of the 3-cyanopyridone ring (pK, for compound 15 was
measured lower than 2). We thought of modulating the pK, of
the ring by replacing the cyano group with a phenyl ring.
Compound 16, having a substituted phenyl moiety attached to
the pyrrole ring displayed, reduced potency and had no real
improvement in plasma protein binding compared to the
previous compounds. Nevertheless, it showed a nice perme-
ability that could come from a higher pK, of the pyridone ring,
resulting in an oral bioavailability of 50%. When the guaiacol
moiety was introduce on this template, compound 17 exhibited
an improved potency compared to compound 16. Acidic pK,
was measured at 6.0 for this compound proving our hypothesis
on the cyano group driving the pK, and thus permeability
down. Mouse pharmacokinetics was found to be very
encouraging for 17 displaying a very low blood clearance and
an oral bioavailability of 15%. Finally, introduction of a
carboxylic acid on the meta position of the right-hand side
phenyl ring (compound 18) gave a real improvement in
potency along with a loss of permeability. This resulted in a
very poor pharmacokinetic profile compared to the previous
compound.

Despite improvements on most parameters, ﬁnding potent
AMPK activators with high oral absorption remained
challenging. Given the low permeability of this series of
compounds, we then assessed their susceptibility against P-
glycoprotein (P-gp). P-gp is an ATP-dependent efflux pump
with broad substrate specificity that could be the cause of their
absorption issue along with their poor permeability.

We selected compounds 13, 15, and 17 for further evaluation
in mice pharmacokinetics where the compounds (5 mg/kg for
13 and 15; 30 mg/k§ for 17) were coadministered with P-gp
inhibitor GF120918"° (30 mg/kg). Figure 1 shows a marked
improvement of mean blood AUC for the 3 compounds under
those conditions suggesting that compounds of this series are
P-gp substrate. The low permeability compound 13 shows a 10-
fold increase in blood exposure when codosed with GF120918.
Compound 185 exhibited the same level of improvement in oral
exposure. Compound 17, probably due to a reduced affinity to
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Table 1. SAR Results for Pyrrolopyridones 2—18
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—log(compound concentration leading to a

2-fold AMPK activity increase). All data are means of at least 2 independent experiments. “Permeability: Pampa (Parallel Artificial Membrane
Permeability Assay). “Solubility: soluble fraction of oral formulation (see below) following its manufacture by ball milling from solid powder (sol
max. 500 mg/ mL). “Mouse PK: po @ 5 mg/kg in suspension in HPMC K100 0.5%/Tween 80 0.1% in buffer pH 7 and iv @ 1 mg/kg in solution in
DMSO/hydroxypropyl-f-cyclodextrin 20% in buffer pH 7 (5:95). po @ 30 mg/kg in suspension in HPMC K100 0.5%/Tween 80 0.1% in buffer pH
7. ‘po @ 30 mg/kg in suspension in HPMC K100 0.5%/Tween 80 0.1% in buffer pH 7.

P-gp, shows only a 2-fold increase in blood AUC (see
Supporting Information Table S1 for detailed data).

Having identified compounds from the pyridone series that
were compatible with an oral route, we turned our efforts on
their AMPK heterotrimers selectivity. As explained earlier in
this letter, in order to explore the AMPK pathway in vivo, a
compound activating all or most AMPK heterotrimers seems
attractive. Compound A769662, 1, has been described as f1-
selective AMPK heterotrimers,"> and we assessed compounds
from the pyrrolopyridone series on the seven AMPK
heterotrimers that were available to us (Figure 2). Compounds
13, the most potent compound of the series on the alflyl
AMPK heterotrimer, proved to activate all seven AMPK
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heterotrimers we tested. Despite the fact that compound 13 is
more potent on the f1-containing heterotrimers, it is activating
a2f32y1 and a2f2y3 with a pEC,y, = 7.3 for both heterotrimers
(see Supporting Information for complete heterotrimers data).
Even compound 14, a weaker compound on the alplyl
AMPK heterotrimer, was able to modestly activate some /2-
containing heterotrimers (a2/2y1 and a2f2y3 with a pEC,q =
5.5, but for alf2yl, pECyy < 4.5). Compounds 15 and 17
were also tested on f2-containing heterotrimer a2f2y1 and
found active (see Supporting Information).

Compounds 13, 15, and 17 were selected for further in vivo
profiling given their additional PK profiles. Compounds 13 and
1S were evaluated in a chronic oral treatment in ob/ob mice for
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Figure 1. Influence of P-gp inhibition on mean blood AUC of
pyrrolopyridones 13, 15, and 17.
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Figure 2. AMPK heterotrimers profiling for pyridones 13 and 14.

S days at 30 and 100 mg/kg bid in combination with
GF120918. P-gp inhibitor GF120918 by itself has no effect on
blood glucose (Figure 3). Both compounds 13 and 15 were
able to reduce blood glucose of 55 mg/dL (18% and 17%
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Figure 3. Compounds 13, 15, and 17 orally reduce blood glucose in
ob/ob mice.
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reduction of blood glucose, respectively) at the dose of 100
mg/kg (P < 0.001) when administered with the P-gp inhibitor
highlighting the potential of our AMPK activators for blood
glucose control. Compound 17 having a better oral exposure
was dosed orally for S days bid at 10 and 30 mg/kg without P-
gp inhibitor. Blood glucose was monitored 12 h after the last
gavage, and compound 17 was found to decrease it significantly
by 53 mg/dL (17% reduction of blood glucose) at the dose of
30 mg/kg (P < 0.0S, Figure 3). We only observed a trend for
blood glucose reduction (13%) at 10 mg/kg that was not
statistically significant.

The objectives of this study were to improve the
pharmacokinetics of pyridone compounds in order to obtain
active AMPK direct activators in vivo and explore the effects of
AMPK activation utility in longer term treatments. After
structural modification of the thiophene ring, a novel series of
pyrrolopyridones was found to activate directly AMPK
heterotrimers with a pan profile. In regard to its adequate
oral PK profile, compound 17 was further tested in the animal
model of diabetes and showed activity at 30 mg/kg on blood
glucose. All of the data suggest that we have identified a series
of compounds useful to explore AMPK direct activation in vivo.
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All experimental procedures and compounds characterization,
material and methods about DMPK, in vivo experiment
protocol, and AMPK heterotrimers profiling. This material is
available free of charge via the Internet at http://pubs.acs.org.
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