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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a clinical syndrome characterized by hepatic steatosis. NAFLD is closely linked to obesity,
insulin resistance and dyslipidemia. AMP-activated protein kinase (AMPK) functions as an energy sensor and plays a central role

in regulating lipid metabolism. In this study, we identified a series of novel pyrazolone AMPK activators using a homogeneous time-
resolved fluorescence assay (HTRF) based on the AMPKa2B1y1 complex. Compound 29 (C29) is a candidate compound that directly
activated the kinase domain of AMPK with an ECg, value of 2.1-0.2 pmol/L and acted as a non-selective activator of AMPK complexes.
Treatment of HepG2 cells with C29 (20, 40 umol/L) dose-dependently inhibited triglyceride accumulation. Chronic administration of
C29 (10, 30 mg/kg every day, po, for 5 weeks) significantly improved lipid metabolism in both the liver and the plasma of ob/ob mice.
These results demonstrate that the AMPK activators could be part of a novel treatment approach for NAFLD and associated metabolic
disorders.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is found in 20%-30%
of the general population worldwide and represents a spectrum
of hepatic dysfunction linked to obesity, insulin resistance and
metabolic syndrome!™*. NAFLD exhibits dysregulation of
hepatic lipid metabolism and accelerates the accumulation of
triglycerides and cholesterol in hepatocytes®. The excess accu-
mulation of lipids predisposes the liver to additional proinflam-
matory conditions and together with the dysfunction of adipose
tissue exacerbates hepatic steatosis'®”. Hepatic steatosis is a
leading cause of nonalcoholic steatohepatitis (NASH) and can
cause fibrosis, cirrhosis and hepatocellular carcinoma (HCC).
Multiple important pathogenic drivers have been implicated
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in the initiation and progression of hepatic steatosis, such as
lipotoxicity, oxidative stress and immune cell infiltration® .
However, there is no well-established pharmacological
approach for the treatment of hepatic steatosis!"” .. Thus,
studies identifying novel therapeutic targets and NAFLD
treatments are urgently needed.

AMP-activated protein kinase (AMPK) is a conserved
serine/threonine protein kinase that is activated by low cel-
lular energy status. The activation of AMPK restores cellular
energy homeostasis by triggering catalytic processes (eg, glu-
cose and fatty acid oxidation) to stimulate ATP generation and
inhibits anabolic processes (eg, gluconeogenesis and fatty acid
synthesis) to decrease ATP consumption™. Due to its central
role in the control of multiple metabolic pathways, AMPK has
become a potential therapeutic target for treating type 2 diabe-
tes (T2D), insulin resistance, obesity and NAFLD!"L

AMPK exists as a heterotrimer consisting of a highly con-
served catalytic a subunit and regulatory p and y subunits. In
mammals, each subunit is encoded by several distinct genes



(al, a2; 1, B2; y1, y2 and y3), and there are at least 12 pos-
sible distinct AMPKapy heterotrimeric complexes"®. There is
differential expression of the complexes, and the expression
profile is unique in specific tissues or subcellular locations.
The a subunit is composed of a kinase domain (KD), an auto-
inhibitory domain (AID), and a C-terminal  subunit-binding
domain. The B subunit is composed of a glycogen-binding
domain and a C-terminal a and y subunit-binding domain.
The y subunit has a  subunit-binding region and four tandem
repeats of cystathionine-B-synthase (CBS) motifs"?. The mam-
malian AMPK heterotrimers are activated in the following
three complementary ways: (1) phosphorylation of the con-
served threonine residue within the KD (Thrl72 in rat a2; the
number may be different in other species) by upstream kinases
(tumor-suppressor liver kinase B1, calcium/calmodulin-
dependent protein kinase kinases and transforming growth
factor-p activated protein kinase-1), which causes a >100-fold
increase in kinase activity; (2) inhibition of Thr172 dephos-
phorylation by protein phosphatase 2Ca (PP2Ca); and (3) allo-
steric activation by AMP binding to the CBS domains in the y
subunit, which leads to conformational changes and induces
Thr172 phosphorylation by upstream kinases and concurrent
inhibition of Thr172 dephosphorylation!’"%.,

Numerous observations obtained using agents such as
metformin and berberine to deplete intracellular ATP or a
pharmacological activator indicated that AMPK activation
decreases the hepatic triglyceride (TG) content by decreasing
de novo lipogenesis, promoting fatty acid oxidation and regu-
lating inflammation™?%, Additionally, in a genetic mouse
model, AMPK activation specific to the liver protected against
hepatic steatosis when the mice were fed a high fructose diet,
and the AMPK {31/B2 knockout specific to the adipose tis-
sue increased HFD-induced hepatic lipid accumulation 4,
These findings confirm the hypothesis that pharmacological
activation of AMPK could provide a new strategy for the man-
agement of NAFLD.

Given the potential therapeutic application of AMPK activa-
tors, the feasibility of developing AMPK activators has begun
to emerge[zs]. A769662, the first AMPK direct activator iden-
tified by Abbott laboratories in 2006, binds to the allosteric
site between the a and B subunits of AMPK™ 1, Several
structurally diverse compounds such as 991, PF-06409577
and PF-249 have also been shown to bind to this alloste-
ric pocket[”'zg]. In addition, a series of AMPK activators with
different binding sites such as AICAR (ZMP), C13 (C2), MT63-
78, GSK621, PF-739, PF-249, and MK-8722 have been identi-
fied by different laboratories™ ***1. In our previous work, we
identified a new class of AMPK activators by high-throughput
screening. These molecules activate AMPK by antagonizing
the auto-inhibition of the a subunit of AMPKP**!,

More recently, we identified a novel AMPK activator, com-
pound 1 (Figure 1), using an HTRF assay in vitro (Figure S1).
Compound 1 activates the purified human AMPKa2p1yl
complex (EC5,=5.2 pmol/L). However, the compound showed
poor plasma stability in vivo. Herein, we present our efforts to
optimize compound 1 that led to the identification of substi-
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ECs0=5.2 ymol/L, Emax=3.1

Figure 1. Structure of compound 1.

tuted pyrazolone derivatives as novel AMPK activators.

Materials and methods

Chemistry

The experimental procedures and characterization of all
compounds are provided in the Supporting Information.

Different recombinant AMPK protein construction, expression
and purification

The coding sequences of the a/p/y subunits of various AMPK
heterotrimers were amplified from the cDNA of each human
AMPK subunit and constructed in a pET28b vector, the dif-
ferent AMPK a subunit truncations were constructed in the
PET28b vector and expressed and purified as previously
described™ I,

Measurement of AMPK activity in vitro

The indicated AMPK heterotrimers and a subunit trunca-
tions were fully phosphorylated by CaMKKp as previously
described. In the HTRF assay, AMPK activity and the activa-
tion of compounds by AMPK were detected using the STK
substrate 1-biotin, XL-665 and the STK-antibody of HTRF®
KinEASE™-STK1 Kit as previously described!. The activa-
tion fold change was compared to the baseline activity of
AMPK completely phosphorylated by CaMKKp. For the filter
assay, the AMPK activity and the activation of compounds by
AMPK were detected mainly as previously described except
the reactions were conducted in 96-well V-shape plates with
a 50 pL mixture containing 32 mmol/L Tris-HCI, pH 7.5, 4
mmol/L MgCl,, 0.8 mmol/L DTT, 2% DMSO (compounds
were dissolved in DMSO), 2 pmol/L SAMS peptide and 10
pmol/L ATP (0.2 pCi of [y-*P] ATP per reaction). The reac-
tion was initiated by the addition of AMPKa2p1y1 (final
concentration 2.5 nmol/L), incubated at 30°C for 45 min, and
terminated by the addition of 50 uL 200 mmol/L H;PO,. We
then transferred 40 pL of mixture to phosphocellulose filter
plates (Millipore) that were pre-wet with 1 mmol/L Tris-HCI,
pH 7.5. The plates were washed 3 times using 200 mmol/L
H;PO,. The final step was to add 150 pL liquid scintillation
counting cocktail (PerkinElmer) into each well before detect-
ing the radioactivity on a Wallac Microbeta plate counter!™.

Measurement of lipid synthesis in the HepG2 cell line
A total of 4x10* HepG2 cells were seeded per well in white-
walled 96-well plates containing HG-DMEM supplemented
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with 10% FBS. After 24 h of incubation, the cells were
deprived of FBS for 2 h, and followed by 20 h of C29 incu-
bation with serum-free HG-DMEM. Then, 20 pL of serum-
free HG-DMEM containing "C acetic sodium (0.1 uCi/mL,
Perkin Elmer) was added to each well and incubated for 4 h.
The plates were rinsed with cold PBS, and the final wash was
replaced with 0.25 mol/L NaOH. The protein concentration
was then measured, and Microscint 20 was added to wells.
The radioactivity incorporated into the lipids was monitored
using a Wallac Microbeta plate reader and corrected for pro-

tein concentration?.

Adenovirus infection and measurement of lipid synthesis

The dominant negative forms of AMPK, AMPKal (D159A)
and AMPKa?2 (K45R) (al/a2-DN), were constructed by using
the pAdEasy system (Agilent Technologies, New York, CA,
USA). We seeded 4x10* HepG2 cells per well in white-walled
96-well plates with HG-DMEM supplemented with 10%
FBS. After 12 h, the HepG2 cells were infected with adeno-
virus expressing control GFP or al/a2-DN for 6 h before the
medium was replaced with HG-DMEM supplemented with
10% FBS. The cells were cultured for 2 days before the experi-
ments were initiated.

L6 myotube culture and 2-deoxy-[*H]-D-glucose uptake
measurements

We seeded 4x10° myoblast cells per well in 24-well plates con-
taining HG-DMEM with 10% FBS medium, and when the cells
reached 90% confluence, the medium was replaced with dif-
ferentiation medium (HG-DMEM containing 2% FBS). Four
days after differentiation, the L6 myotube cells were used for
compound treatment and subsequent glucose uptake mea-
surements as described previously. Briefly, after stimulation
with C29, the cells were washed three times with HBSS buffer,
followed by incubation with 2-deoxy-[’H]-D-glucose for 15
min. The cells were washed with ice-cold PBS and lysed using
0.25 mol/L NaOH before the radioactivity was counted!*’.

Statistical analysis

The results are presented as the mean+SEM. Differences
between the two groups were analyzed using paired Student’s
t-tests. The differences among multiple groups were
compared by one-way ANOVA, followed by LSD comparison.
P<0.05 was regarded as significant.

Results

Structure and activity relationship of compound 1 derivatives
Due to the instability of the ester group in compound 1, we
initially prepared compounds 16-25 with either an alkyl amine
(16-20, 23, 25) or an arylamine (21, 22, 24) instead of an ester
group. The activities of these compounds are summarized
in Table 1. Among these pyrazolones, compounds 16 and
21-24 showed no AMPK activation at 20 pmol/L. However,
the other compounds showed a range of AMPK activation
activities at 20 pmol/L. No arylamine-substituted pyrazo-
lones showed any activity (21, 22 and 24), but the alkylamine
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Table 1. Compounds 16-25.

FaC Q

RateeVony
F N

SN
0
ID R ECao (umol/L) Fold
A769662 - 0.015+0.002 43
AMP - 11:0.1 3.8
1 - 5.2¢1.2 31
16 ~CH, x 1.2
17 -CoHs 10.0£0.6 2.7
18 : . 5.40.6 1.8
19 Of’f 5.8£0.5 2.2
8.6:0.3 3.0

20 ©/§ﬁ\

21 ©}{ - 0.8

22 0.2

23 w2 - 0.6
A

24 0.2

25 5.31+0.2 2.8

*ECs, was not determined below an activation multiple of 1.5-fold.

pyralozones remained active. The trends showed that larger
substituents significantly affected the activity (17, 18, 19). In
particular, compounds with a phenyl-substituted ring showed
better activity. Moreover, an electron-donating group on the
phenyl ring (25) enhanced activity, and an electron withdraw-
ing substituent reduced activity (23).

Based on these preliminary structure-activity relationships
(SARs), a follow-up-focused library that systematically varied
the right-hand side benzene ring subunit of compound 1 was
synthesized. We chose electron-donating groups from the
library for the phenyl ring compound. The activities of these
compounds toward AMPK are summarized in Table 2. Most
of this series of compounds showed potent activity. Among
the 12 compounds tested (26-37), 8 were more active than the
lead compound 1. In particular, 3,4-dimethoxy-substituted
compound 29 showed the best activity (EC5=2.1 pmol/L,
fold=3.3). The overall SAR indicates that the disubstituted
compounds are more active than the mono-substituted and
trisubstituted compounds (compounds 29, 25, 30).



Table 2. Compounds 26-37.
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Table 3. Compounds 38-45.

(0]
RiNIN\ \/©/U\H
N
= OMe
o OMe

ID R ECso (HMol/L) Fold ID R ECso (HMOI/L) Fold
26 NA NA 38 -* 1.1
o hE
MeO OMe
27 5.0+0.2 3.0
Q/’\ﬂi 39 ur - 1.5
o} i
-0
08 33105 . 40 CF, 9.0£0.2 2.2
- %:
P
0
29 3 2.1+0.2 3.3 4 FBC\©}{ 5.60.7 3.2
MeO 42 4.740.3 2.3
OMe z{
30 7.5+0.8 3.5
MeO 2
o
MeO 43 - 1.3
OMe o
31 6.7+£0.9 29
CszoD/ﬁ F
44 - 13
MeO %
32 5.4+0.3 3.0 /©
MeO 0y MeO
D/ 45 3.6+£0.4 21
o
33 ;i 6.3+0.3 3.0 NC
O/Qf “ECso was not determined below an activation multiple of 1.5-fold.
Lo
34 F 4.4£03 28 to further improve potency. The 3,4-dimethoxy on the right
i side of the benzene ring was maintained, and we investigated
MeO the groups on the left side. Compounds 38-45 (Table 3) were
e . .
OMe then synthesized. Except for compound 41, with a 3-trifluo-
35 5.0+0.3 23 romethyl group on the left-hand benzene ring and an activity
#t (EC5p=5.6 pmol/L, fold=3.2) similar to that of compound 29
F,HCO (EC50=2.1 pmol/L, fold=3.3), the other compounds exhibited
OMe decreased activity compared to compound 29.
36 - 4.1+0.3 24 We next studied the middle of the structure by keeping the
left and right favored substituent groups, including 4-fluoro-
MeO 3-trifluoromethyl phenyl and 3,4-dimethoxy benzyl. Com-
OCHF, pounds 46 and 47 were designed to determine the skeleton
37 5.4+0.3 3.1

g

F,HCO
OCHF,

After synthesizing the potent activator compound 29, we
then addressed the left-hand side modifications in an attempt

of the piperidine pyrazolone, while 48 and 49 were designed
to determine substituents and sites in the middle benzene
ring relative to its activity (Table 4). Compound 47 had a
methyl group on the pyrazolone ring N atom, and its activ-
ity (EC5=3.3 umol/L, fold=3.6) was retained. The other three
compounds also generally retained their activity.

In in vitro metabolism studies of compound 29 in human,
monkey, dog, mouse and rat liver microsomes, compound
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Table 4. Compounds 46-49.

ID Structure ECso (Mmol/L) Fold
46 Fic o 10£0.8 2.7
SescoNon:
F N ! p
m QOMe
o OMe
a7 o 3.3+0.5 3.6
FiC \
pesieeg
F N H
o OMe
48 F.C o 6.8+0.3 2.4
N
F—<\ >—N’ N | N
= OMe
0 OMe
49 FAC 4.6+0.4 2.7
N OMe
= OMe
o o
29 was metabolized by 48.7% after incubation for 60 min in  Taple 5. Compounds 50-54.
human liver microsomes and may be metabolized through F.C o
cleavage of the amide bond. The results of liver microsomal Na R
metabolism also indicated that monkey and mouse have simi- F N)/jg
lar metabolic characteristics as humans, preventing amide o
bond cleavage and increasing the stability of compound 29.
C . ID R ECso (umol/L) Fold
ompounds 50-54 were synthesized (Table 5), and the N atom
of the amide bond was alkylated with groups of various sizes 50 39409 06
(52, 53) or a-benzyl substituted (50, 51) or the distance between g OMe o '
the phenyl and the N atom was increased (54). Compound 52, ”
with a methyl group on the amide N atom, showed improved OMe
activity (ECs=1.1 pmol/L, fold=3.3) compared to compound 51 1.620.2 2.4
29. However, compounds 52 and 54 showed lower stability ;;\N OMe
than compound 29 in an in vitro liver microsome assay. H
OMe
C29 directly activates AMPK heterotrimers and the kinase 52 11+0.1 3.3
domain ;e\N OMe
After observation of the activation of AMPK in the in vitro |
HTRF assay and metabolic stability improvement in liver OMe
. 53 o 3.0+£0.3 25
microsomes, compound 29 (C29) was selected for further ‘N
mechanistic exploration. First, we wondered whether C29 OMe
could activate AMPK heterotrimers consisting of different a/ OH OMe
B/y subunits. As reported®, A769662 could only activate 54 OMe 4.3+0.3 31
AMPK heterotrimers containing the f1 subunit, but C29 acti- OMe
vated different AMPK heterotrimers with similar ECs, values o
(Figure 2A, 2B and Table S1). These results indicate that in H

contrast to A769662, C29 was a non-f3 subunit-selective AMPK
activator. The filter assay results also showed that C29 could
activate AMPKa2p1y1 directly (Figure 2C, 2D and Table S1).
C29 simultaneously activated both a subunit truncations,
with an ECs, of 3.6 pmol/L and 4.0 pmol/L for al (1-394) and
a2 (1-398) respectively (Figure 3A). These results are similar
to the heterotrimer data and suggest that unlike AMP, C29
activated AMPK independently of the y subunit. To fur-
ther address this issue, we investigated how C29 activated
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AMPKa2p1yl in a dose-responsive manner in the presence
of 50 nmol/L A769662 or 10 pmol/L AMP, which are saturat-
ing concentrations for these molecules (Figure 3B, 3C). Both
A769662 and AMP activated AMPK dose-dependently in the
presence of a maximally efficacious concentration of C29 (Fig-
ure 3D, 3E). Interestingly, we tested C29 on a subunit trunca-
tions containing only the kinase domain: al(11-281) and a2(1-
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Figure 2. C29 activated AMPK heterotrimers without subunit selectivity. (A) A769662-activated AMPK heterotrimers containing 1 subunit. (B) C29-
activated AMPK heterotrimers with different subunit complexes. (C, D) The AMPK activation curve of A769662, and C29 on AMPKa2B1y1 in Filter

assay. The results are shown as the mean+SEM.

285). The results showed that C29 activated al (11-281) and
a2 (1-285) in a dose-dependent manner, with ECs, values of
3.9 pmol/L and 3.6 pmol/L, respectively (Figure 3F). These
results indicated that C29 directly activated the AMPK kinase
domain.

C29 activated AMPK and inhibited triglyceride accumulation in
hepatocytes

Activation of AMPK regulates various downstream target
proteins including acetyl coenzyme A carboxylase (ACC1 and
ACC2), which play important role in controlling fatty acid
metabolism. After we observed the allosteric activation of
AMPK on a molecular level, we next investigated the effect
of C29 in hepatocytes. The results showed that C29 activated
AMPK and stimulated phosphorylation of ACC dose-depend-
ently in rat primary hepatocytes and the HepG2 hepatocel-
lular carcinoma cell line after 1 h of treatment (Figure 4A, 4B).
The treatment had no effect on the ratio of AMP/ATP and
ADP/ATP in primary hepatocytes (Figure 4C). The activation
of AMPK decreases the lipid content in hepatocytes through
inhibition of de novo lipogenesis (DNL) and by increasing fatty
acid oxidation by stimulation of phosphorylation of ACC1 and
ACC2. As expected, C29 decreased the expression of SREBP-
1c (Figure S2) and inhibited the accumulation of triglycerides
in a dose-dependent manner in HepG2 cells (Figure 4D).
Additionally, both the non-specific AMPK inhibitor compound
C and the AMPK DN (dead kinase) reversed intracellular tri-

glyceride accumulation after C29 treatment (Figure 4E, 4F).
These results suggest that C29 activated AMPK and inhibited
accumulation of triglycerides likely via an AMPK-dependent
pathway in hepatocytes. We also found that C29 could acti-
vate AMPK does-dependently in L6 myotube cells without
increasing the AMP/ATP and ADP/ATP ratio and stimulated
glucose uptake in an AMPK-dependent manner (Figure S3).

Oral efficacy of C29 reduced lipid accumulation in ob/ob mice
We then tested C29 using in vivo studies due to the observed
beneficial cellular effects in hepatocytes and used metformin
as the positive control. Following oral administration at a con-
centration of 10 mg/kg, C29 was rapidly absorbed (T},,x=0.5 h)
(Figure S4). The desirable in vivo PK profile prompted us to
further evaluate its effects on metabolic syndrome in ob/ob
mice. The compound was administered for 5 weeks, and
we found that C29 lowered ob/ob mouse body weight and
decreased both liver weight and abdominal fat (Figure 5A-5C)
while simultaneously decreasing plasma triglycerides (Figure
5D). The reduced liver weight was inferred from the reduction
of hepatic triglyceride and cholesterol accumulation (Figure
5E, 5F) and a significant increase in the AMPK signaling path-
way in the liver (Figure 6). These results support the hypoth-
esis that the AMPK activator C29 can potentially reduce lipid
accumulation in the liver and plasma in ob/ob mice and may
provide therapeutic benefits for NAFLD patients.
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Figure 3. C29 activated AMPK kinase domain directly. (A) C29-activated AMPK o subunit containing autoinhibitory domain, a1 (1-394) and o2 (1-398). (B,
C) Additive activation of AMPKa2B1y1 by different concentrations of C29 with 50 nmol/L A769662 (B) or 10 pmol/L AMP (C). (D, E) Additive activation
of AMPKa2B1y1 with different concentrations of A769662 (D) or AMP (E) with 40 pmol/L C29. (F) C29 activated AMPK kinase domain, ol (11-281)

and a2 (1-285). The results are shown as the mean+SEM.

Discussion

AMPK, an energy sensor involved in a combination of inhibited
anabolic pathways and stimulated catabolic pathways, has been
identified as a potential drug target for metabolic diseases such
as diabetes and NAFLD!> # 241 Current AMPK allosteric
activators could be divided into three classes: activators bind to
the CBS-motif on y subunit of AMPK such as AMP and AICAR;
activators interact with the ADaM domain such as A769662
and 991; and the third class of activators such as PT1 activate
AMPK by antagonizing the autoinhibition of the AMPKa
subunit® * * ¥l Here, we report a novel AMPK activator
named C29 identified with our HTRF assay. C29 activated the
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AMPKa kinase domain directly (Figure 3A, 3F) and allowed
it to activate AMPK heterotrimers with non-selective proper-
ties (Figure 2A, 2B). This approach may be a new mechanism
for AMPK allosteric activation, and more work to identify the
binding site will be required for us to gain insights into the
molecular basis of the pan-AMPK activity of C29.

AMPK activation in hepatocytes involves a combination
of inhibition of lipogenesis and stimulation of fatty acid
oxidation, which is an attractive profile for NAFLD patients.
In this study, we showed that C29 treatment activated AMPK
dose dependently (Figure 4A, 4B) and leads to a dramatic
reduction in triglyceride accumulation in hepatocytes (Figure
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change the AMP/ATP and ADP/ATP ratio after a 3-h incubation in rat primary hepatocytes. CCCP (10 ymol/L) was used as a positive control. (D) C29
inhibited triglyceride accumulation in a dose-dependent manner in HepG2 cells after a 24-h incubation. (E, F) Compound C and AMPK DN blocked
triglyceride accumulation inhibition induced by C29 (20 umol/L). The results are shown as the mean+SEM. “P<0.05, “"P<0.01.
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Figure 5. Treatment of C29 improved lipid metabolism in the liver of ob/ob mice. (A) Body weight of the mice after treatment by vehicle (Veh), positive
control metformin of 250 mg/kg (Met), C29 of 10 or 30 mg/kg (n=8-10). (B, C) C29 decreased the liver and fat mass of ob/ob mice after treatment. (D)

C29 decreased the triglyceride content in the plasma. (E, F) C29 decreased hepatic triglyceride and cholesterol accumulation. The results are shown
as the mean+SEM. "P<0.05, ""P<0.01 vs Veh.
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Figure 6. C29 increased hepatic AMPK activity in ob/ob mice after a 5-week treatment. The ratio of phosphorylation level to protein level of AMPK and
ACC was determined. The results are shown as the mean+SEM. “P<0.05, “"P<0.01.

4D-4F). We found that C29 treatment in vivo potentially
increased phosphorylation of hepatic AMPK after a 5-week
dosing period (Figure 6). The decrease in plasma and liver
lipid levels can be explained by the decreased synthesis of
fatty acids in the liver (Figure 5D-5F).

In contrast to activation in the liver, activation of AMPK in
the skeletal muscle is associated with glucose consumption.
MK-8722 and PF739 are two systemic pan-AMPK activators
that mediate AMPK activation in skeletal muscle and induce
glucose uptake, which lowers glucose levels in rodents and
non-human primates® %
glucose uptake in L6 myotubes in an AMPK-dependent path-
way (Figure S3), C29 exhibited a slight ability to improve glu-
cose tolerance in ob/ob mice after chronic dosing. This effect

. Despite maintaining an obvious

may be consistent with the poor distribution and weak acti-
vation of AMPK in the muscle after oral treatment with C29
(data not shown). Additional studies are needed to confirm
the efficacy of C29 for glucose lowering in vivo. Besides, pre-
vious studies reported that chronic systemic AMPK activa-
tion could induce cardiac hypertrophy in a cardiac glycogen-
dependent or glycogen-independent mechanism™ *, We
found no adverse effects (including the activity of creatine
phosphokinase) after oral doses of C29 at 300 mg/kg for 14 d
in mice, which indicates C29 does not impact cardiac function
(data not shown).

In summary, we report a novel series of pyrazolone deriva-
tives as direct non-selective activators of AMPK heterotrimers
and the kinase domain. After initial structural modification
of the right ester group to an amide and optimization of the
left side and the linking part of compound 1 to improve its
potency and in vitro stability, C29 was selected as a typical
compound that stimulated phosphorylation of AMPK and
ACC without affecting the AMP/ATP and ADP/ATP ratios.
C29 also inhibited lipid accumulation in hepatocytes and
improved lipid metabolism both in the liver and in the plasma
of ob/ob mice. These results indicate that C29 is a novel alloste-
ric AMPK activator and has potential applications in the treat-
ment of NAFLD and associated metabolic disorders.
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