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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 

29 (C29) is a candidate compound that directly 
activated the kinase domain of AMPK with an EC50 value of 2.1–0.2 

29 (20, 40 mol/L) dose-dependently inhibited triglyceride accumulation. Chronic administration of 
C29 (10, 30 mg/kg every day, po ob/ob mice. 

disorders.
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Introduction

of the general population worldwide and represents a spectrum 
of hepatic dysfunction linked to obesity, insulin resistance and 
metabolic syndrome[1-4].  NAFLD exhibits dysregulation of 
hepatic lipid metabolism and accelerates the accumulation of 
triglycerides and cholesterol in hepatocytes[5].  The excess accu-

-
matory conditions and together with the dysfunction of adipose 
tissue exacerbates hepatic steatosis[6, 7].  Hepatic steatosis is a 
leading cause of nonalcoholic steatohepatitis (NASH) and can 

Multiple important pathogenic drivers have been implicated 

in the initiation and progression of hepatic steatosis, such as 
lipotoxicity, oxidative stress and immune cell infiltration[8, 9].  
However, there is no well-established pharmacological 
approach for the treatment of hepatic steatosis[10, 11].  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[12].  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 .

AMPK exists as a heterotrimer consisting of a highly con-

mammals, each subunit is encoded by several distinct genes 
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-
[16].  There is 

differential expression of the complexes, and the expression 
profile is unique in specific tissues or subcellular locations.  

-

[12].  The mam-
malian AMPK heterotrimers are activated in the following 
three complementary ways: (1) phosphorylation of the con-

number may be different in other species) by upstream kinases 

dependent protein kinase kinases and transforming growth 

-
-

subunit, which leads to conformational changes and induces 
Thr172 phosphorylation by upstream kinases and concurrent 
inhibition of Thr172 dephosphorylation[17-19].

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[20-22].  Additionally, in a genetic mouse 

hepatic steatosis when the mice were fed a high fructose diet, 
-

sue increased HFD-induced hepatic lipid accumulation .  

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[25] -
tified by Abbott laboratories in 2006, binds to the allosteric 

[20, 25, 26].  Several 
structurally diverse compounds such as 991, PF-06409577 
and PF-249 have also been shown to bind to this alloste-
ric pocket[27-29]

-

screening.  These molecules activate AMPK by antagonizing 
.

-
pound 1 in vitro (Figure S1).  

1
50

poor plasma stability in vivo.  Herein, we present our efforts to 
optimize compound 1 -

tuted pyrazolone derivatives as novel AMPK activators.

Materials and methods
Chemistry
The experimental procedures and characterization of all 

Different recombinant AMPK protein construction, expression 

AMPK subunit and constructed in a pET28b vector, the dif-

pET28b vector and expressed and purified as previously 
described .

Measurement of AMPK activity in vitro
-

-
tion of compounds by AMPK were detected using the STK 

® 
KinEASE™-STK1 Kit as previously described[41].  The activa-
tion fold change was compared to the baseline activity of 

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 

2, 0.8 mmol/L DTT, 2% DMSO (compounds 

P] ATP per reaction).  The reac-

PO4.  We 

H PO4

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 4×104 HepG2 cells were seeded per well in white-
walled 96-well plates containing HG-DMEM supplemented 

Figure 1.  Structure of compound 1.
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-

free HG-DMEM containing 14

Perkin Elmer) was added to each well and incubated for 4 h.  

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[42].

Adenovirus infection and measurement of lipid synthesis

USA).  We seeded 4×104 HepG2 cells per well in white-walled 
96-well plates with HG-DMEM supplemented with 10% 

-

medium was replaced with HG-DMEM supplemented with 
-

ments were initiated.

L6 myotube culture and 2-deoxy -[3H]-D -glucose uptake 
measurements
We seeded 4×105 myoblast cells per well in 24-well plates con-

-

days after differentiation, the L6 myotube cells were used for 
compound treatment and subsequent glucose uptake mea-

29
followed by incubation with 2-deoxy-[ H]-D-glucose for 15 

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

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
the other compounds showed a range of AMPK activation 

-
lones showed any activity (21, 22 and 24), but the alkylamine 

pyralozones remained active.  The trends showed that larger 
17, 18, 19

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).

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
compound 29 50

compounds are more active than the mono-substituted and 
trisubstituted compounds (compounds 29, 25, 30).

Table 1.  Compounds 16–25.

ID R EC50 

A769662 – 0.015±0.002 4.3
AMP – 1.1±0.1 3.8
1 – 5.2±1.2 3.1
16 –CH3 –* 1.2
17 –C2H5 10.0±0.6 2.7
18  5.4±0.6 1.8

19  5.8±0.5 2.2

20  8.6±0.3 3.0 

21  - 0.8

22  - 0.2

23  - 0.6

24  - 0.2

25  5.3±0.2 2.8

*EC50 was not determined below an activation multiple of 1.5-fold.
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side of the benzene ring was maintained, and we investigated 
38–45

then synthesized.  Except for compound 41 -
romethyl group on the left-hand benzene ring and an activity 

50 29 
50

decreased activity compared to compound 29.
We next studied the middle of the structure by keeping the 

-
pounds 46 and 47 were designed to determine the skeleton 
of the piperidine pyrazolone, while 48 and 49 were designed 
to determine substituents and sites in the middle benzene 

47 had a 
methyl group on the pyrazolone ring N atom, and its activ-

50

compounds also generally retained their activity.
in vitro metabolism studies of compound 29 in human, 

monkey, dog, mouse and rat liver microsomes, compound 

Table 2.  Compounds 26–37.

ID R EC50 

26  NA NA

27  5.0±0.2  3.0

28  3.3±0.5 2.5

29  2.1±0.2 3.3

30  7.5±0.8 3.5

31  6.7±0.9 2.9

32  5.4±0.3  3.0

33  6.3±0.3  3.0

34  4.4±0.3 2.8

35  5.0±0.3  2.3

36  4.1±0.3  2.4

37  5.4±0.3  3.1

 

After synthesizing the potent activator compound 29, we 

Table 3.  Compounds 38–45.

ID R EC50 

38  –* 1.1

39  – 1.5

40  9.0±0.2 2.2

41  5.6±0.7 3.2

42  4.7±0.3 2.3

43  – 1.3

44  – 1.3

45  3.6±0.4 2.1

*EC50 was not determined below an activation multiple of 1.5-fold.
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29 was metabolized by 48.7% after incubation for 60 min in 
human liver microsomes and may be metabolized through 
cleavage of the amide bond.  The results of liver microsomal 
metabolism also indicated that monkey and mouse have simi-
lar metabolic characteristics as humans, preventing amide 
bond cleavage and increasing the stability of compound 29.  

50–54 were synthesized (Table 5), and the N atom 
of the amide bond was alkylated with groups of various sizes 
(52, 53 50, 51) or the distance between 
the phenyl and the N atom was increased (54 52, 
with a methyl group on the amide N atom, showed improved 

50

29.  However, compounds 52 and 54 showed lower stability 
than compound 29 in an in vitro liver microsome assay.

C29 directly activates AMPK heterotrimers and the kinase 
domain
After observation of the activation of AMPK in the in vitro 

microsomes, compound 29 29) was selected for further 
29 

[44], A769662 could only activate 
29 acti-

50 values 

29
29 could 

29
50

29 
-

29 activated 

-

A769662 and AMP activated AMPK dose-dependently in the 
29 (Fig-

29 -

Table 4.  Compounds 46–49.

ID Structure EC50 

46  10±0.8 2.7

47  3.3±0.5 3.6

48  6.8±0.3 2.4

49  4.6±0.4 2.7

 

Table 5.  Compounds 50–54.

ID R EC50 

50  3.2±0.2 2.6

51  1.6±0.2 2.4

52  1.1±0.1  3.3

53  3.0±0.3 2.5

54  4.3±0.3  3.1
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29
50 values of 

29 directly activated the AMPK kinase 
domain.

C29 activated AMPK and inhibited triglyceride accumulation in 
hepatocytes
Activation of AMPK regulates various downstream target 

metabolism.  After we observed the allosteric activation of 
AMPK on a molecular level, we next investigated the effect 

29 29 activated 
-

ently in rat primary hepatocytes and the HepG2 hepatocel-

The treatment had no effect on the ratio of AMP/ATP and 

of AMPK decreases the lipid content in hepatocytes through 
inhibition of de novo lipogenesis (DNL) and by increasing fatty 

29
1c (Figure S2) and inhibited the accumulation of triglycerides 
in a dose-dependent manner in HepG2 cells (Figure 4D).  

-

29 treatment (Figure 4E, 4F).  
29 activated AMPK and inhibited 

accumulation of triglycerides likely via an AMPK-dependent 
29 could acti-

vate AMPK does-dependently in L6 myotube cells without 
increasing the AMP/ATP and ADP/ATP ratio and stimulated 

ob/ob mice
29 using in vivo studies due to the observed 

as the positive control.  Following oral administration at a con-
29 was rapidly absorbed (Tmax=0.5 h) 

(Figure S4).  The desirable in vivo
further evaluate its effects on metabolic syndrome in ob/ob 
mice.  The compound was administered for 5 weeks, and 

29 lowered ob/ob mouse body weight and 

while simultaneously decreasing plasma triglycerides (Figure 
5D).  The reduced liver weight was inferred from the reduction 
of hepatic triglyceride and cholesterol accumulation (Figure 

-
way in the liver (Figure 6).  These results support the hypoth-

29 can potentially reduce lipid 
accumulation in the liver and plasma in ob/ob mice and may 

Figure 2.  C29 activated AMPK heterotrimers without subunit selectivity.  29-
29
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Discussion
AMPK, an energy sensor involved in a combination of inhibited 
anabolic pathways and stimulated catabolic pathways, has been 

as diabetes and NAFLD[12, 22, 24, 44]

activators could be divided into three classes: activators bind to 

activators interact with the ADaM domain such as A769662 

subunit .  Here, we report a novel AMPK activator 
29 29 activated the 

it to activate AMPK heterotrimers with non-selective proper-

for AMPK allosteric activation, and more work to identify the 
binding site will be required for us to gain insights into the 

29.
AMPK activation in hepatocytes involves a combination 

of inhibition of lipogenesis and stimulation of fatty acid 

29 treatment activated AMPK 

reduction in triglyceride accumulation in hepatocytes (Figure 

Figure 3. C29 activated AMPK kinase domain directly. (A) C29
29

29.  (F) C29
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Figure 4.  C29 improved lipid metabolism in an AMPK signaling pathway-dependent manner. 29 dose-dependently activated AMPK in the 
29 did not 

29 
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 *P<0.05, **P<0.01.

Figure 5. ob/ob mice.  
control metformin of 250 mg/kg (Met), C29 of 10 or 30 mg/kg (n 29 decreased the liver and fat mass of ob/ob mice after treatment.  (D) 
C29 decreased the triglyceride content in the plasma.  (E, F) C29
as the mean±SEM.  *P<0.05, **P<0.01 vs
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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 

the skeletal muscle is associated with glucose consumption.  

that mediate AMPK activation in skeletal muscle and induce 
glucose uptake, which lowers glucose levels in rodents and 
non-human primates .  Despite maintaining an obvious 
glucose uptake in L6 myotubes in an AMPK-dependent path-

29 exhibited a slight ability to improve glu-
cose tolerance in ob/ob mice after chronic dosing.  This effect 
may be consistent with the poor distribution and weak acti-

29 

29 for glucose lowering in vivo -
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 

29
29 does not impact cardiac function 

(data not shown).
-

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 29 was selected as a typical 
compound that stimulated phosphorylation of AMPK and 

C29 also inhibited lipid accumulation in  hepatocytes and 
improved lipid metabolism both in the liver and in the plasma 
of ob/ob 29 is a novel alloste-
ric AMPK activator and has potential applications in the treat-
ment of NAFLD and associated metabolic disorders.

Acknowledgements
This work was supported by the National Natural Science 

o 
o 

-

(No

Author contribution

and designed the studies, analyzed the initial data and wrote 

cell and animal studies.

Supplementary information
Supplementary information is available at the website of Acta 
Pharmacologica Sinica.

References

nonalcoholic fatty liver disease.  Annu Rev Physiol 2016; 78: 181–
205.

disease: pathogenesis and disease spectrum.  Annu Rev Pathol 2016; 
11: 451–96.

Gastroenterol Hepatol 2013; 10: 686–90.

AJ.  Nonalcoholic fatty liver disease: a spectrum of clinical and 
pathological severity.  Gastroenterology 1999; 116: 1413–9.

5 Postic C, Girard J.  Contribution of de novo fatty acid synthesis to 
hepatic steatosis and insulin resistance: lessons from genetically 
engineered mice.  J Clin Invest 2008; 118: 829–38.

6 Angulo P.  Nonalcoholic fatty liver disease.  N Engl J Med 2002; 346: 
1221–31.

, et al.  
Inflammasome-mediated dysbiosis regulates progression of NAFLD 
and obesity.  Nature 2012; 482: 179–85.

disease.  Nat Rev Gastroenterol Hepatol 2016; 13: 88–110.

nonalcoholic steatohepatitis: the central role of nontriglyceride fatty 
acid metabolites.  Hepatology 2010; 52: 774–88.

Figure 6. C29 increased hepatic AMPK activity in ob/ob
*P<0.05, **P<0.01.



1631
www.chinaphar.com
Zhang M et al

Acta Pharmacologica Sinica

the landscape of pharmacological treatment.  Ann Hepatol 2016; 15: 
673–81.

market.  Nat Rev Drug Discov 2016; 15: 745–6.

201.

2017; 45: 31–7.
14 Day EA, Ford RJ, Steinberg GR.  AMPK as a therapeutic target for 

545–60.

kinase: ancient energy gauge provides clues to modern understanding 
of metabolism.  Cell Metab 2005; 1: 15–25.

protein kinase–an immunohistochemical study in human tissue.  
Histol Histopathol 2011; 26: 589–96.

dephosphorylation, as well as promoting phosphorylation, of the AMP-

protein phosphatase-2C alpha and native bovine protein phosphatase-

18 Gowans GJ, Hawley SA, Ross FA, Hardie DG.  AMP is a true 
physiological regulator of AMP-activated protein kinase by both 
allosteric activation and enhancing net phosphorylation.  Cell Metab 
2013; 18: 556–66.

Investigating the mechanism for AMP activation of the AMP-activated 

, et al .  

that treats key components of type 2 diabetes and the metabolic 
syndrome.  Cell Metab 2006; 3: 403–16.

ZP, et al.  Single phosphorylation sites in Acc1 and Acc2 regulate lipid 
homeostasis and the insulin-sensitizing effects of metformin.  Nat 
Med 2013; 19: 1649–54.

Physiol Endocrinol Metab 2016; 311: E730–E40.

S, et al
hepatic steatosis through brown and beige adipose tissue function.  
Cell Metab 2016; 24: 118–29.

, 
et al
fructose diet.  Cell Rep 2017; 18: 3043–51.

by the small molecule A-769662, a member of the thienopyridone 

26 Calabrese MF, Rajamohan F, Harris MS, Caspers NL, Magyar R, 
Withka JM, et al.  Structural basis for AMPK activation: natural and 
synthetic ligands regulate kinase activity from opposite poles by 
different molecular mechanisms.  Structure 2014; 22: 1161–72.

, et al.  Discovery and preclinical characterization of 6-chloro-
H

06409577), a direct activator of adenosine monophosphate-activated 
protein kinase (AMPK), for the potential treatment of diabetic 
nephropathy.  J Med Chem 2016; 59: 8068–81.

, et al.  Activation of skeletal muscle AMPK promotes 
glucose disposal and glucose lowering in non-human primates and 
mice.  Cell Metab 2017; 25: 1147–59 e10.

, et 
al.  Structural basis of AMPK regulation by small molecule activators.  
Nat Commun 2013; 4: 3017.

, 
et al.  A potent and selective AMPK activator that inhibits de novo 
lipogenesis.  ACS Med Chem Lett 2010; 1: 478–82.

, et 
al.  Mechanism of action of compound-13: an alpha1-selective small 

, 
et al.  Systemic pan-AMPK activator MK-8722 improves glucose 
homeostasis but induces cardiac hypertrophy.  Science 2017; 357: 
507–11.

33 Sujobert P, Poulain L, Paubelle E, Zylbersztejn F, Grenier A, Lambert 
M, et al
acute myeloid leukemia.  Cell Rep 2015; 11: 1446–57.

Inhibition of lipolysis and lipogenesis in isolated rat adipocytes with 
AICAR, a cell-permeable activator of AMP-activated protein kinase.  

, 
et al.  A novel direct activator of AMPK inhibits prostate cancer growth 

, et al.  Novel small-

db/db
, et al.  Small molecule 

antagonizes autoinhibition and activates AMP-activated protein kinase 

, et al.  Development 

activated protein kinase activators.  ACS Med Chem Lett 2013; 4: 
475–80.

39 Rajamohan F, Harris MS, Frisbie RK, Hoth LR, Geoghegan KF, 
, et al .  Escherichia coli

and characterizat ion of functional ful l - length recombinant 

uptake through a PI3-kinase-dependent pathway in mouse skeletal 
muscle.  Am J Physiol Cell Physiol 2009; 297: C1041–52.

41 Liu J, Chen D, Liu P, He M, Li J, Li J, et al.  Discovery, synthesis, 
and structure-activity relationships of 20(S
derivatives as a novel class of AMPKalpha2beta1gamma1 activators.  
Eur J Med Chem 2014; 79: 340–9.

42 Luo C, Long J, Liu J.  An improved spectrophotometric method for a 

Clin Chim Acta 2008; 395: 38–41.
, et al.  High-throughput 

db/db mice.  Diabetes 
2010; 59: 256–65.

, et al.  



1632
www.nature.com/aps

Zhang M et al

Acta Pharmacologica Sinica

Activation of AMP-activated protein kinase in the liver: a new strategy 
for the management of metabolic hepatic disorders.  J Physiol 2006; 
574: 41–53.

45 Kim M, Hunter RW, Garcia-Menendez L, Gong G, Yang YY, Kolwicz SC 

Jr, et al.  Mutation in the gamma2-subunit of AMP-activated protein 
kinase stimulates cardiomyocyte proliferation and hypertrophy 
independent of glycogen storage.  Circ Res 2014; 114: 966–75.


		2018-09-29T13:39:45+0530
	Certified PDF 2 Signature




