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Pyrazolone derivative C29 protects against HFD-induced
obesity in mice via activation of AMPK in adipose tissue
Bo-han Li1,2, Mei Zhang1, Ya-nan Duan1, Lin Shuai1, Hao-wen Jiang1, Jia Li1,2, Fa-jun Nan1 and Jing-ya Li1

Beige adipocytes have been considered as a potential strategy in anti-obesity therapy because of its thermogenic capacity. AMP-
activated protein kinase (AMPK) plays important roles in regulating adipose tissue function. C29 is a novel pyrazolone derivative
with AMPK activity. In the current study, we investigated the role of C29 in the regulation of thermogenesis using differentiated
adipocytes and diet-induced obese mice, and explored the mechanisms that might be involved in energy expenditure via
adipocyte AMPK activation. We showed that treatment with C29 (2.5–10 μM) concentration-dependently increased thermogenesis
in differentiated preadipocytes separated from inguinal white adipose tissue (iWAT), evidenced by increased expression levels of
thermogenesis markers such as Ucp1, Pgc-1α, Dio2, Prdm16, Cox7a1, Cox8b, Elovl3, and Cidea, fatty acid oxidation (FAO) genes
including Cpt1a, Lcad and Pparα, as well as beige-selective genes such as Cd137, Tmem26, Slc27a1, and Tbx1. In high-fat diet (HFD)-
fed mice, oral administration of C29 (30 mg·kg−1·day−1) for 9 weeks alleviated HFD-induced obesity, promoted energy expenditure
and modulated iWAT browning. However, these effects were not observed in adipose-specific AMPKα1/α2 knockout (AKO) mice
following C29 administration. Together, this study demonstrates that C29 regulates energy balance via adipocyte AMPK. Our
findings show that the discovery of AMPK activators that specifically target adipose tissue may have therapeutic potential for
treating obesity-related metabolic diseases.
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INTRODUCTION
Obesity has become one of the most serious global health
problems and has been found to lead to an increased risk of type
2 diabetes, cardiovascular diseases, nonalcoholic fatty liver
disease, and several forms of cancer [1]. Therefore, weight-loss
treatments have become an urgent need. The main cause of the
development of obesity is the imbalance between energy intake
and energy consumption. Adipose tissues, which consist mainly of
adipocytes, are important in controlling whole-body energy
homeostasis [2, 3]. Traditionally, adipocytes can be broadly
divided into white and brown fat cells. While white fat cells are
highly adapted to storing excess energy in the form of
triglycerides, brown adipocytes oxidize chemical energy to
produce heat, a process called nonshivering thermogenesis that
counteracts hypothermia, obesity, and diabetes. Brown adipo-
cytes, which have multilocular morphology, have a relatively high
mitochondrial content and high mitochondrial uncoupling protein
1 (UCP1) expression [4–6]. Recently, it was discovered that a new
type of adipocyte, known as beige adipocytes, arises in white
adipose tissue under stimulus conditions. Beige adipocytes have a
low basal level of uncoupling protein 1 (UCP1), but it can be
induced to levels similar to classical brown adipocytes when
responding to cold or hormonal stimuli and soon afterwards
activates a thermogenic program [7–9]. Burning off excess heat

through classical brown and beige fat cells can increase whole-
body energy expenditure [10, 11].
In recent years, effective ways to promote thermogenic activity

through brown adipose tissue (BAT) or the browning of inguinal
white adipose tissue (iWAT) have been of great interest as
potential therapeutics for anti-obesity treatments. Studies have
revealed that brown/beige adipocytes respond to thermogenic
stimuli, such as irisin [12], fibroblast growth factor 21 (FGF21) [13],
natriuretic peptides [14], bone morphogenic proteins (BMPs) 4
and 7 [15, 16] and the peroxisome proliferator-activated receptor
gamma (PPARγ) agonist rosiglitazone [17]. Therefore, new
therapeutic strategies to counteract obesity and other metabolic
diseases have enhanced the focus on these aspects.
AMP-activated protein kinase (AMPK), a ubiquitously distributed

serine/threonine protein kinase, exists as multiple heterotrimeric
complexes composed of a catalytic (α) subunit and two regulatory
(β, γ) subunits [18, 19]. Essentially, conditions that lead to a rise in
the AMP/ADP:ATP ratio cause an activation of AMPK through the
increased phosphorylation of the α-subunit on Thr172 (T172)
[20, 21]. Over the past years, it has been revealed that AMPK acts
as a crucial cellular energy sensor and regulates whole-body
nutrient metabolism. The activation of AMPK in the hypothalamus
maintains energy balance by promoting food intake [22]. In
addition to its crucial role in the central nervous system, AMPK

Received: 17 April 2020 Accepted: 27 August 2020
Published online: 15 September 2020

1State Key Laboratory of Drug Research, the National Drug Screening Center, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China and
2University of Chinese Academy of Sciences, Beijing 100049, China
Correspondence: Fa-jun Nan (fjnan@simm.ac.cn) or Jing-ya Li (jyli@simm.ac.cn)

www.nature.com/aps

© CPS and SIMM 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00524-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00524-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00524-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00524-0&domain=pdf
mailto:fjnan@simm.ac.cn
mailto:jyli@simm.ac.cn
www.nature.com/aps


also plays a key role in peripheral tissues. In the liver, AMPK
suppresses hepatic gluconeogenesis and lipogenesis, while in
skeletal muscle, AMPK stimulates glucose uptake and fatty acid
oxidation [23]. Moreover, AMPK is required for fatty acid oxidation
and nonshivering thermogenesis in adipose tissues [24]. Due to its
vital role in regulating multiple tissue and metabolic pathways,
AMPK has been considered a potential therapeutic target to alter
metabolic syndrome.
In our previous study, we found a novel series of pyrazolone

derivatives as direct nonselective AMPK activators in which C29 was
selected as a typical compound because of its best AMPK activity
(EC50= 2.1 μmol/L, AMPK activity fold = 3.3). We highlighted that
C29 directly activates the kinase domain of the AMPKα subunit,
enabling the activation of different AMPK heterotrimers without
subunit selectivity, and that it could be considered a novel allosteric
AMPK activator. C29 increased the phosphorylation of AMPK
without affecting the AMP/ATP and ADP/ATP ratios. Moreover, we
identified that C29 administration significantly inhibited triglyceride
accumulation in hepatocytes and improved lipid metabolism in the
liver of ob/ob mice [25]. It is becoming increasingly evident that the
increase in AMPK activity could result in the browning of WAT, and it
may even enhance whole-body energy expenditure and have anti-
obesity effects [26–30]. However, whether C29 influences energy
balance or protects against high-fat diet (HFD)-induced obesity
remains unclear. Therefore, the present study aimed to investigate
the role of C29 in the regulation of energy expenditure using
differentiated adipocytes and diet-induced obese mice, as well as to
explore the mechanisms that might be involved in energy
expenditure via adipocyte AMPK activation.

MATERIALS AND METHODS
Chemicals
C29 was synthesized as previously described [25]. Starting from
ethyl 4-oxopiperidine-3-carboxylate hydrochloride and methyl 4-
(bromomethyl) benzoate, five reaction steps were used to obtain
C29. C29 was obtained as a yellow solid, purity 99.23%. For the
in vitro study, C29 was dissolved in dimethyl sulfoxide (DMSO) at
the indicated concentration. For the in vivo study, C29 was
dissolved in 2% DMSO and 2% castor oil, which was then
dissolved in 0.5% methylcellulose at the indicated concentration
for oral animal administration.

Animals
All animal experiments were performed according to procedures
approved by the Animal Care and Use Committee of the Shanghai
Institute of Materia Medica. All animals were housed in a
temperature-controlled room (22 ± 2 °C) with a 12-h light/dark
cycle and ad libitum access to food and water. Six-week-old male
C57BL/6 mice (Shanghai SLAC Laboratory Animal Co., Shanghai,
China) were fed a high-fat diet (60% kCal from fat, D12492,
Research Diets, New Brunswick, NJ, USA) for 8 weeks and then
randomly assigned to treatment groups. Afterwards, mice were
administered the vehicle (2% DMSO and 2% castor oil in 0.5%
methylcellulose, p.o.) or C29 (30 mg·kg−1·day−1, p.o.) for 9 weeks.
Body weight and food intake were measured every week. Adipose
tissue-specific AMPKα1/α2 double-KO mice (referred to as AKO
mice) were generated as previously described [31]. Beginning at
6 weeks of age, AKO mice and age-matched AMPKα1/α2-floxed
littermates were fed a high-fat diet. At 14 weeks of age, the mice
were divided randomly into different groups and treated with
vehicle or C29 (30 mg·kg−1·day−1, p.o.) for another 14 weeks. At
the end of the study, tissues were collected, weighed and stored
at −80 °C.

Metabolic studies
Mouse body composition (including fat mass, lean mass, and fluid
content) was determined using 1H-nuclear magnetic resonance

(NMR) spectroscopy (Minispec LF90 II, Bruker, Karlsruhe, Germany).
For measurements of whole-body energy expenditure and O2

consumption, mice were placed in metabolic chambers and
monitored using a TSE PhenoMaster caging system (TSE Systems,
Bad Homburg, Germany). Mice were intraperitoneally injected
with the β3-adrenergic receptor-specific agonist CL316,243
(C5976-5MG, Sigma-Aldrich, St. Louis, MO, USA) (1 mg/kg) after a
12-h light/dark cycle to obtain the basal metabolic parameters. For
cold exposure, mice were single-caged and exposed to a
temperature of 4 °C for 6 h. Rectal temperature was monitored
every hour using a BAT-12 microprobe digital thermometer and
RET-3 mouse rectal probe (Physitemp Instruments, Clifton, NJ,
USA). Thermo images were taken using an E6 Thermal Imaging
Infrared Camera (E6, FLIR Systems, Portland, OR, USA) at 6 h, and
the interscapular skin temperature was analyzed using FLIR Tools
software. For the oral glucose tolerance test (OGTT) and insulin
tolerance test (ITT), mice were injected with glucose (2 g/kg) or
insulin (0.75 U/kg) after starvation for 6 h, and blood glucose levels
were detected with a glucometer at 0, 15, 30, 60, 90, and 120min
post-injection. The liver triacylglycerol (TG) and cholesterol (TC)
contents were measured following a Folch extraction [32]. For TG
and TC assays, the dried lipid residues were then dissolved in 800
μL of ethanol with 1% Triton. The kits used were as follows: TG
(1.02.1801, Shanghai Fosun Long March Medical Science Co.,
Shanghai, China) and TC (1.02.0401, Shanghai Fosun Long
March Medical Science Co., Shanghai, China). The kits used to
measure plasma parameters were as follows: ALT (290703, 290704,
Sysmex, Shanghai, China), AST (290705, 290706, Sysmex, Shang-
hai, China), CREA (290721, 290722, Sysmex, Shanghai, China), and
BUN (290707, 290708, Sysmex, Shanghai, China).

Histology
Mouse tissues were fixed in 4% paraformaldehyde and embedded
in paraffin. Sections were stained using hematoxylin and eosin
(H&E) according to the manufacturer’s instructions. The slides
were examined under a Leica DM6 B microscope at the indicated
magnification, and images were captured by a sCMOS camera
under the same parameter setting. Quantification of HE-stained
images was performed using ImageJ Software (National Institutes
of Health, Bethesda, MD, USA).

Tissue distribution assay
HFD-fed mice were p.o. injected with a single dose of C29 (30 mg/
kg). After 6 h, the animals were sacrificed, and tissue samples were
collected and preserved at −80 °C. The compound concentration
was determined by the liquid chromatography-mass spectro-
metry/mass spectrometry (LC-MS/MS) system (an Agilent 1200
HPLC coupled to an Agilent 6460 Triple Quad instrument, Agilent
Technologies, Santa Clara, CA, USA). Data were analyzed by
MassHunter Quantitative Analysis (version B.02.01, Agilent Tech-
nologies, Santa Clara, CA, USA).

Cell culture
Stromal vascular fraction (SVF) cells from adipose tissue were
isolated as previously described [31]. Cells were maintained in
DMEM/F12 (12400024, Gibco, Waltham, MA, USA) containing 10%
FBS (10091-148, Gibco, Waltham, MA, USA) and 1% penicillin/
streptomycin (0242,0382, VWR Life Science, PA, USA). Differentia-
tion was induced by incubating the cells in growth medium
supplemented with 850 nM insulin (Novolin, Changzheng Hospi-
tal, Shanghai, China), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX)
(I5879, Sigma-Aldrich, St. Louis, MO, USA), 1 μM dexamethasone
(D4902, Sigma-Aldrich, St. Louis, MO, USA), 125 nM indomethacin
(I7378, Sigma-Aldrich, St. Louis, MO, USA) and 1 nM 3,3′,5-triiodo-L-
thyronine (T3) (T2877, Sigma-Aldrich, St. Louis, MO, USA) for
2 days. Then, the cells were transported to growth medium with
850 nM insulin and 1 nM T3. The medium was changed every
2 days. On day 7, the differentiated SVF cells were treated with
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DMSO or C29 at the indicated concentration for 24 h, and further
analysis was performed afterwards.

Quantitative RT-PCR analysis
Total RNA isolated from cells or homogenized tissues was lysed
using TRIzol reagent (9019, TaKaRa, Japan). Reverse transcription
was performed using PrimeScript Reverse Transcriptase (RR036,
Takara, Japan) according to the manufacturer’s instructions. The
cDNA was amplified using 2× SYBR Green qPCR Master Mix
(B21702, Bimake, Houston, TX, USA) and a Stratagene Mx3005P
instrument (Agilent Technologies, Santa Clara, CA, USA). Relative
mRNA expression was normalized to 36b4 measured in each
sample. The primer sequences used in this study are listed in
Supplementary Table S1.

Western blotting
Total proteins from cells or tissues were extracted with RIPA lysis
buffer (P0013B, Beyotime, Haimen, China) and denatured with
loading buffer. Equal amounts of protein per sample were loaded
on SDS-PAGE gels and transferred onto nitrocellulose membranes
(10600002, GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Membranes were blocked with 5% skim milk and incubated with
different primary antibodies overnight followed by incubation
with a secondary antibody. Details for the primary antibodies used
are as follows: AMPKα (2532), phospho-AMPKα (Thr172) (2535),
ACC (3662), phospho-ACC (Ser79) (3661) (Cell Signaling Technol-
ogy, Trask Lane Danvers, MA, USA); UCP-1 (A5857, ABclonal,
Wuhan, China), PGC-1α (ST1202, Calbiochem, Darmstadt, Ger-
many), and β-actin (AM1021B, Abgent, San Diego, CA, USA). The
blots were examined with ECL (RPN2232, GE Healthcare, Little
Chalfont, Buckinghamshire, UK), and densitometry was performed
by ImageJ Software (National Institutes of Health, Bethesda,
MD, USA).

Statistical analysis
Data are expressed as the mean ± SEM, and significance was
defined as P < 0.05 and determined by one-tailed Student’s t test
or one-way ANOVA followed by Dunnett’s multiple comparisons
test. All analyses were performed in GraphPad Prism (version 7.00,
GraphPad Software, La Jolla, CA, USA).

RESULTS
AMPK allosteric activator C29 increases thermogenesis in
differentiated iWAT-SVF cells
AMPK is well known as a cellular energy sensor, and its role in
regulating the metabolic activity of brown and beige adipose
tissue was recently identified [33]. C29 has been reported to be a
novel allosteric AMPK activator [25]. To explore the effects of C29-
induced AMPK activation on adipocyte thermogenesis, we used
differentiated SVF cells from iWAT as a cell model. iWAT-SVF cells
were induced to differentiate into beige adipocytes and then
treated with DMSO or C29 at the indicated concentration on day 7
for 24 h. In differentiated iWAT-SVF cells, C29 treatment promoted
the expression levels of thermogenesis markers such as Ucp1,
peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (Pgc-1α), type II iodothyronine deiodinase (Dio2), PR domain
containing 16 (Prdm16), cytochrome c oxidase polypeptide 7a1
(Cox7a1), cytochrome c oxidase polypeptide 8b (Cox8b), elonga-
tion of very-long-chain fatty acids protein 3 (Elovl3) and cell death-
inducing DFFA-like effector a (Cidea) in a dose-dependent manner
(Fig. 1a). Fatty acid oxidation (FAO) genes, including carnitine
palmitoyltransferase 1a (Cpt1a), long-chain acyl-CoA dehydrogen-
ase (Lcad) and peroxisome proliferator-activated receptor α
(Pparα), were also dramatically increased by C29 treatment
compared to those in the control condition (Fig. 1a). The
expression of beige-selective genes, such as TNF receptor super-
family member 9 (Cd137), transmembrane protein 26 (Tmem26),

solute carrier family 27 member 1 (Slc27a1) and T-box transcrip-
tion factor 1 (Tbx1), increased with a similar tendency (Fig. 1a).
Moreover, the protein expression of UCP1 and PGC-1α was also
markedly increased by C29 treatment, which was accompanied by
the activation of AMPK in differentiated iWAT-SVF cells (Fig. 1b, c).
These results suggest that C29 promotes mature beige adipocyte
thermogenesis in vitro.
To further determine whether energy metabolism changed

upon exposure to C29, a Seahorse instrument was used to
perform cellular bioenergetic measurements on iWAT-SVF cells.
The basal and uncoupled oxygen consumption rates (OCRs) of
C29-treated adipocytes remained higher than those of untreated
cells in a concentration-dependent manner (Fig. 1d, e). These data
indicate that C29 promotes thermogenesis in differentiated iWAT-
SVF cells together with the activation of AMPK.

Chronic C29 treatment ameliorates HFD-induced obesity and
insulin resistance
To examine the therapeutic potential of C29 on diet-induced
obesity in vivo, C57BL/6J male mice were fed a high-fat diet for
8 weeks and subsequently treated with vehicle or C29 (30
mg·kg−1·day−1, p.o.) for 9 weeks. After 4 weeks, the average body
weight of C29-treated mice was significantly lower than that of the
vehicle-treated control mice (Fig. 2a) without affecting appetite
(Fig. 2b). We also analyzed the changes in fat mass and lean mass
after the treatment. A significant reduction in fat mass after C29
administration (Fig. 2c) was observed, and the animals exhibited
lower adiposity than the vehicle control mice. The relative iWAT
and epididymal white adipose tissue (eWAT) weights were
decreased in mice treated with C29, but the perirenal white
adipose tissue (pWAT), BAT and liver weights were unchanged
(Fig. 2d).
We further examined whether the reduced body weight gain

caused by C29 treatment leads to an improvement in systemic
glucose homeostasis. The fasting blood glucose level was
decreased by C29 treatment (Supplementary Fig. S1a). Moreover,
the oral glucose tolerance test (OGTT) showed that mice treated
with C29 exhibited significantly lower blood glucose levels than
vehicle-treated mice. (Supplementary Fig. S1b, c). This improve-
ment was associated with moderate but significant increases in
insulin sensitivity, as shown by insulin tolerance tests (ITT)
(Supplementary Fig. S1d, e), indicating greater insulin sensitivity
in the C29-treated mice. Furthermore, the plasma concentrations
of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine (CREA) and urea nitrogen (BUN), which are
indicators of liver and kidney damage, were significantly reduced
after C29 treatment (Supplementary Fig. S1f–i). These results
demonstrate that the anti-obesity roles of C29 are not due to its
toxicity. Taken together, these results indicate that C29 reduces
body weight and improves glucose tolerance and insulin
sensitivity in HFD-fed mice.

C29 stimulates energy expenditure and improves cold tolerance
Since C29-treated mice consumed the same number of calories as
control mice, the leanness in C29-treated mice was likely due to
increased energy expenditure rather than decreased food intake.
This was further demonstrated by increased oxygen consumption
(VO2) (Fig. 3a, b) and energy expenditure (EE) (Fig. 3c, d) under
basal conditions and in response to the stimulation of the β3-
adrenergic receptor agonist CL316,243, with unchanged locomo-
tor activity (Supplementary Fig. S2b). Additionally, the respiration
exchange ratio (RER) was slightly decreased in C29-treated mice
under CL316,243 stimulation (Supplementary Fig. S2a).
To further examine the effects of C29 on adaptive thermogen-

esis, a cold tolerance test was performed and determined by rectal
temperature and infrared imaging of heat intensity. C29 admin-
istration caused the exhibition of significantly higher core body
temperature during the 6 h of 4 °C cold exposure (Fig. 3e).
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Additionally, the interscapular BAT skin temperature at 6 h was
also markedly increased by C29 treatment (Fig. 3f, g). Together,
these data suggest that the anti-obesity effects of C29 on HFD-fed
mice might be due to increased energy expenditure.

C29-treated mice exhibit enhanced browning of iWAT
Because brown and beige adipose tissues are important regulators
of energy expenditure [11], changes in the morphology of
different adipose depots and related gene expression were
observed to analyze the effects of C29 on adipose tissues. H&E
staining showed that inguinal WAT depots from C29-treated mice
had smaller adipocyte sizes, as indicated by a decreased adipocyte
area (Fig. 4a, b). In agreement, the expression of thermogenesis-
related genes, such as Ucp1, Pgc-1α, Dio2, Prdm16, Cox7a1, Cox8b,
and Elovl3, was markedly enhanced in iWAT from C29-treated
mice (Fig. 4e). Furthermore, the expression of genes related to
FAO, including Cpt1a, Lcad and Pparα, was also significantly
increased in iWAT (Fig. 4e). Consistent with this, Western blot
results showed a higher level of UCP1 and PGC-1α expression,
suggesting a conversion of iWAT into beige adipose tissue
induced by C29 (Fig. 4f, g). This was accompanied by AMPK
signaling activation, as evidenced by the increased phosphoryla-
tion of AMPKα and its downstream substrate acetyl-CoA
carboxylase (ACC) (Fig. 4f, g). Moreover, the lipid droplets

were unchanged in the BAT of C29-treated mice (Fig. 4c),
whereas there was a moderate increase in the gene expression
of Pgc-1α, Prdm16, Cpt1a and Lcad in BAT (Fig. 4h). However,
the adipocyte area and expression of thermogenesis markers in
eWAT were unaltered (Fig. 4c, i). These results indicate that
C29 specifically induces browning in the iWAT of HFD-induced
obese mice.

AMPK activation is indispensable to the prevention of HFD-
induced obesity through C29
Next, we questioned whether C29 exerts its effects on high-fat
diet-induced obesity mainly through its activation of adipocyte
AMPK. Adipose-specific AMPKα1/α2 knockout (referred to as AKO)
mice and age-matched floxed littermates were given a high-fat
diet for 8 weeks and then treated with C29 or vehicle during the
last 14 weeks of the diet. Consistent with our previous studies [31],
AKO mice exhibited more obesity and greater adiposity than
floxed mice, as evidenced by increased body weight, fat mass,
iWAT weight, and pWAT weight (Fig. 5a, c, d). C29 treatment
markedly reduced the body weight, fat mass, iWAT weight, and
eWAT weight in floxed mice but did not affect those of AKO mice
(Fig. 5a, c, d). Food intake was unaltered by C29 in both genotypes
(Fig. 5b). These results indicate that C29 ameliorates HFD-induced
obesity in an AMPK-dependent manner.

Fig. 1 C29 increased thermogenesis in differentiated iWAT-SVF cells. iWAT-SVF cells were induced to differentiate towards brown-like
adipocytes and then treated with C29 at the indicated concentration for 24 h on day 7. Relative mRNA level of the indicated genes (a);
Western blot analysis of the indicated proteins (b, c); β-actin was used as the loading control; basal and uncoupled cellular oxygen
consumption rate (OCR) (d, e). n= 3. Data are the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, C29 group versus vehicle group by one-
way ANOVA.
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Diet-induced obesity is frequently associated with glucose
intolerance and progressive metabolic dysfunction. In line with
our previous results, AKO mice displayed a marked exacerbation
in glucose homeostasis and insulin sensitivity relative to their
age-matched floxed littermates (Supplementary Fig. S4a–d). C29
treatment improved glucose tolerance in both AKO and floxed
mice, although the GTT AUC in AKO mice was decreased by 20%
compared with 7% in floxed mice (Supplementary Fig. S4a, b).
Furthermore, C29 treatment also improved insulin sensitivity in
both genotypes, as the ITT AUC decreased by 19% in AKO mice
and by 11% in floxed mice (Supplementary Fig. S4c, d). Our
previous study reported that treatment with C29 improved lipid
metabolism in the liver of ob/ob mice by increasing hepatic
AMPK activity [25]. In agreement, C29 markedly reduced the
liver TG and TC contents in both HFD-fed AKO and floxed mice
(Supplementary Fig. S4e, f). Since hepatic steatosis is one of the
hallmarks of insulin resistance and metabolic dysfunction [34],
the reduction in the AUC of the GTT and ITT in AKO mice may be
partially due to the role of C29 in the liver. These data indicate
that the improvement in the metabolic profiles of HFD-induced
obese mice through C29 is at least partially dependent on
adipose AMPK.

C29 increases energy expenditure and maintains body
temperature during cold exposure in an AMPK-dependent manner
To further examine the differences in energy expenditure among
these genotypes, metabolic studies were performed in AKO mice
and age-matched floxed littermates treated with the vehicle or
C29 and observed by indirect calorimetry. Under basal conditions
or after i.p. injections with the β3-AR activator CL316,243, AKO
mice exhibited a significantly lower oxygen consumption rate
(VO2) or energy expenditure (EE) compared to age-matched floxed
mice (Fig. 6a–d). Consistent with previous studies, floxed mice
treated with C29 showed a higher oxygen consumption rate (VO2)
and energy expenditure (EE) (Fig. 6a–d). Importantly, the increases

in VO2 and EE levels by C29 were completely blunted in AKO mice
(Fig. 6a–d), suggesting that a large part of the increased oxygen
consumption rate and energy expenditure by C29 depends on
adipocyte AMPKα. Furthermore, C29 treatment displayed a mild
decrease in the respiratory exchange ratio (RER) in floxed mice but
not in AKO mice under CL316,243 injection (Supplementary Fig.
S5a). Additionally, spontaneous locomotor activity did not
significantly differ among the four groups (Supplementary Fig.
S5b).
Moreover, during the 6 h of cold exposure at 4 °C, AKO mice

were unable to maintain their core body temperature (Fig. 6e) or
interscapular BAT temperature (Fig. 6f, g) compared with the age-
matched floxed mice. The C29-administered floxed mice showed a
relatively higher body temperature and skin temperature
surrounding the BAT; however, this effect was absent in AKO
mice (Fig. 6e–g). Overall, these findings implicate a significant
effect of adipocyte AMPKα that can be attributed to C29-
promoted energy expenditure and improved cold tolerance.
These results support the fact that C29 enhances energy
expenditure and maintains body temperature through activation
of the AMPK signaling pathway.

C29 induces browning in the iWAT of HFD-fed mice through the
activation of AMPK
Histological analysis revealed a larger adipocyte size in iWAT
(Fig. 7a, b), and this was consistent with the markedly
diminished expression of thermogenesis-related and FAO-
related genes in the iWAT of AKO mice (Fig. 7c). We also
observed larger lipid droplets accumulated in the BAT of AKO
mice (Supplementary Fig. S6a, b), which was probably because
of the decreased expression of FAO-related genes and some
thermogenic genes, such as Pgc-1α and Prdm16, in the BAT
(Supplementary Fig. S6e). Because C29 treatment significantly
decreased the adipocyte area (Fig. 7a, b) and induced the
expression of thermogenesis and FAO-related genes in
the iWAT of floxed mice, it was unchanged when AMPKα
was deleted (Fig. 7c and Supplementary Fig. S6c). Similar results
were observed in the protein expression levels of UCP1 and
PGC-1α (Fig. 7d, e). Additionally, C29 slightly increased some
of the thermogenic genes in the BAT of floxed mice but not in
AKO mice (Supplementary Fig. S6d, e), although the decrease
in lipid droplets in BAT did not reach statistical significance
(Supplementary Fig. S6a, b). These results indicate that adipose
AMPK activation is essential for C29-facilitated thermogenesis
in iWAT.

DISCUSSION
Over the past years, the ability of classical brown and beige
adipocytes to maintain energy homeostasis has roused great
interest. Targeting energy expenditure has represented an
effective method for obesity therapies. Despite their common
ability to produce heat, brown and beige adipocytes have
different features and should be regarded as distinct cell types.
Beige adipocytes have a greater inducibility towards UCP1
expression and a higher capacity for thermogenesis upon
stimulation compared to classical brown adipocytes [8]. More
fundamentally, beige adipocytes have a distinct embryological
origin compared to brown adipocytes. Classical BAT comes from
the myogenic factor 5+ (Myf5+) lineage shared with skeletal
muscle, while lineage tracing analysis describes beige adipo-
cytes as coming from the iWAT, which is derived from Myf5-

precursor cells [7, 35]. Some populations of precursors can be
induced by cold and adrenergic stimulation to develop into
beige adipocytes. A number of studies have indicated that early
B-cell factor 2+ (EBF2+) platelet-derived growth factor receptor-
α+ (PDGFRα+) precursor cells, PDGFRβ+ mural cells and myosin
heavy chain 11+ (MYH11+) smooth muscle actin+ (SMA+)

Fig. 2 Chronic C29 treatment reduced high-fat diet-induced
obesity. Body weight (a) and average food intake per day (b) in
high-fat diet-fed mice during 9 weeks of treatment. Fat and lean
mass (c) and relative weight of the liver and different adipose tissue
depots (d) after treatment. n= 6. Data are the means ± SEM. *P <
0.05, **P < 0.01, ***P < 0.001, C29 group versus vehicle group by
Student’s t test.
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smooth muscle cells can be recruited and differentiated into
beige adipocytes [36–39]. Our findings showed that
C29 selectively promotes the browning of iWAT, as indicated
by the increased expression of thermogenic genes and proteins
both in vitro and in vivo, together with the activation of AMPK
(Fig. 1b, 4f).
Although the interscapular skin temperature was higher in

C29-treated mice (Fig. 3f), the tissue weight and size of lipid
droplets were unaltered, and only a slight increase in thermo-
genic and FAO genes was detected in BAT (Fig. 4a, b, f). These
findings were consistent with the finding that treatment with
C29 did not result in enhanced thermogenesis in mature brown
adipocytes from BAT (data not shown). The different embryonic
origins of brown and beige adipocytes [6] might be the cause of
the discrepant effects of C29, suggesting that C29 might play
distinctive roles in affecting these two thermogenic cells. In
addition, it has been reported that some WAT depots are less
susceptible to browning [40, 41]. Treatment with C29 did not
alter the expression of thermogenic genes in eWAT, a finding
that is consistent with reports that eWAT has a lower potential
for browning than iWAT. In addition, C29 plays a critical role in
regulating cold tolerance and energy expenditure, which are

associated with promoting browning in iWAT. Furthermore, the
reduced body weight gain and iWAT and eWAT weights are
consistent with the phenomenon in C29-treated ob/ob mice that
we previously reported [25], indicating the potential of C29 in
anti-obesity therapies.
Numerous studies have reported that some indirect AMPK

activators could improve whole-body energy metabolism and
anti-obesity. For example, metformin induces the browning of
WAT, which has a beneficial effect on obesity [27]. Berberine can
promote thermogenesis in BAT and WAT via the AMPK-PGC-1α
pathway [28]. However, the indirect pharmacological activation
of AMPK might cause off-target effects [42]. Moreover, the pan-
AMPK activator O304 can increase energy expenditure and BAT
metabolic activity [29]. In our previous study, we also found that
the specific AMPKβ1 agonist A-769662 promoted thermogen-
esis in differentiated iWAT-SVF cells, which was AMPK-
dependent [31]. Reduced AMPK activity in adipose tissue is
well known to be associated with obesity [43, 44]. However, it is
worth noting that the direct reliance on the activation of
adipose tissue AMPK has not been shown to be involved in
most of these studies, especially those performed in vivo. As
C29 has been indicated to be an AMPK activator, we therefore

Fig. 3 C29 promoted energy expenditure and adaptive thermogenesis. The change in O2 consumption (VO2) (a), change in energy
expenditure (EE) (c), average O2 consumption (VO2) (b) and energy expenditure (EE) (d) under basal and CL316,243 stimulation conditions
after 7 weeks of treatment. Body temperature change (e), representative thermal images of mice (f) and interscapular BAT skin temperature (g)
during cold exposure at 4 °C for 6 h after 8 weeks of treatment. n= 6. Data are the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, C29 group
versus vehicle group by Student’s t test.
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hypothesized that C29 may promote energy expenditure and
protect against HFD-induced obesity through the activation of
AMPK in adipose tissue.
To specifically investigate the role of adipocyte AMPK in the

ability of C29 to protect against diet-induced metabolic
dysfunction, adipocyte-specific AMPK KO mice were utilized,
and we found that the reduced body weight (Fig. 5a), enhanced
energy expenditure (Fig. 6c, d) and cold tolerance (Fig. 6e) as a
result of C29 treatment were not observed in AKO mice,
indicating that adipose AMPK plays a core role in C29’s effects
on the regulation of the organismal energy balance. PGC-1α is a

critical transcriptional coactivator involved in the adaptive
thermogenic program that can stimulate UCP1 expression.
However, PGC-1α is required for AMPK to regulate mitochon-
drial homeostasis either by direct phosphorylation or by
increasing its expression [45, 46]. It has been reported that
the AMPK indirect activator berberine promotes thermogenesis
in brown and beige adipocytes via the AMPK-PGC-1α pathway
[28]. Another consistent finding is that AKO mice showed a
reduced total number of mitochondria in iWAT and BAT,
indicating that adipocyte AMPK deficiency impaired mitochon-
drial biogenesis [31]. We found that the increase in the

Fig. 4 C29 induced the browning of iWAT in HFD-induced mice. Representative H&E-stained images of iWAT (top), eWAT (middle) and BAT
(bottom) after treatment, scale bar, 100 μm (a). The average adipocyte area of iWAT (b) and eWAT (c) and average lipid droplet area of BAT (d)
after treatment, n= 6. Relative mRNA levels of the indicated genes (e) and Western blot analysis of the indicated proteins (f, g) in iWAT; β-actin
was used as the loading control, n= 4–6. Relative mRNA levels of the indicated genes in BAT (h) and eWAT (i) after treatment. n= 6. Data are
the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, C29 group versus vehicle group by Student’s t test.
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thermogenic markers UCP1 and PGC-1α after C29 treatment
was absent in AKO mice (Fig. 6c, d), suggesting that PGC-1α
might be vital for C29 function in the browning of iWAT and
that the AMPK-PGC-1α axis is necessary for the UCP1-
dependent thermogenic effects of C29. Compared to other
indirect or direct AMPK activators, C29 allosterically activates
AMPK depending on the direct activation of the AMPK kinase
domain with the nonselective property of heterotrimers. C29
has shown abundant distribution in adipose tissue as well as
direct reliance on the activation of adipose tissue AMPK for the
anti-obesity effects. These findings show that C29 might be a
new potential AMPK activator for the treatment of obesity and
related metabolic disorders.
In addition to modulating mitochondrial biogenesis, AMPK also

controls mitophagy through the phosphorylation of ULK1, which
can maintain mitochondrial quality through the clearance of
damaged mitochondria [47]. A previous study reported that the
adipose tissue-specific deletion of AMPK β1/β2 subunits impaired
the mitochondrial structure in BAT, a finding that is consistent
with the reduction in the phosphorylation of ULK1 [24]. Future
studies are needed to confirm whether adipocyte AMPK activation
by C29 could affect mitophagy through ULK1.
It should be noted that other UCP1-independent mechanisms

are involved in beige fat thermogenesis, such as creatine-driven
substrate cycling [48] and Ca2+ cycling via the sarco/endoplas-
mic reticulum Ca2+-ATPase 2b (SERCA2b)-ryanodine receptor 2
(RyR2) pathway [49]. Recent reports have suggested that in HFD-
fed mice, AMPK activation induced a switch in iWAT towards a
skeletal muscle-like phenotype, which was UCP1-independent.
Consistent with this, we also found that the absence of AMPK
counteracted the expression of the muscular gene Serca and
reduced the SERCA-mediated Ca2+ cycle in beige adipocytes
[50]. Hence, whether UCP1-independent noncanonical thermo-
genic mechanisms are involved in C29-induced thermogenesis
in iWAT will require additional analyses to verify.
The amelioration of glucose homeostasis and insulin sensi-

tivity is associated with enhanced glucose uptake in adult
human BAT [51, 52]. Moreover, the expansion and activation of

beige adipocytes have also been identified to improve glucose
tolerance [41, 53]. Since C29 plays a minor role in the activation
of brown adipocytes, we suggested that the significantly
enhanced thermogenic activity of beige adipocytes rather than
brown adipocytes contributed more to this process. In addition,
glucose tolerance and insulin sensitivity were slightly improved
in C29-treated AKO mice (Supplementary Fig. S4a–d), indicating
that in addition to adipose tissue, other insulin-responsive
tissues, such as muscle and liver, may also contribute to this
phenotype. Recent studies have shown that the two potent
pan-AMPK activators PF-739 and MK-8722, which activate
AMPK in skeletal muscles, have resulted in increased glucose
uptake, which causes an improvement in glucose homeostasis
and insulin sensitivity in diabetic mice and nonhuman primates
[54, 55]. In our previous studies [25], we reported that C29 could
stimulate glucose uptake in an AMPK-dependent manner in L6
myotube cells. However, the activation of AMPK in the skeletal
muscle of ob/ob mice after C29 treatment was weak.
Furthermore, the distribution of C29 was poor in the skeletal
muscle of both ob/ob mice and HFD-fed mice (Supplementary
Fig. S3), which could not attain the effective concentration
in vivo. Taken together, we inferred the slight role of C29 in
skeletal muscle in vivo. Moreover, it is well established that
hepatic triglyceride accumulation is highly associated with
whole-body insulin resistance and that the activation of AMPK
in the liver could suppress lipogenesis [43]. Therefore, the
amelioration of insulin sensitivity may be partly due to the
considerable distribution of C29 in the liver (Supplementary Fig.
S3). Consistent with these findings, our previous study reported
that C29 ameliorated lipid metabolism in hepatocytes and the
liver of ob/ob mice due to its activation of hepatic AMPK [25].
Furthermore, we also found that hepatic triglyceride and
cholesterol accumulation were decreased in both genotypes
after C29 treatment (Supplementary Fig. S4e, f). More impor-
tantly, similar to other studies, we showed that mice lacking
adipose tissue AMPK can also develop enhanced liver lipid
accumulation and insulin resistance, which indicated that the
abolishment of AMPK in adipose tissue may be one of the

Fig. 5 C29 protected against HFD-induced obesity in an AMPK-dependent manner. Body weight (a) and average food intake per day (b) in
HFD-fed AKO mice and age-matched floxed littermates during 14 weeks of treatment. Fat and lean mass (c) and relative weight of the liver
and different adipose tissue depots (d) after treatment. n= 6. Data are the means ± SEM. *P < 0.05, **P < 0.01, C29 group versus vehicle group;
#P < 0.05, ##P < 0.01, ###P < 0.001 AKO group versus floxed group by Student’s t test.
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causes of insulin resistance (Supplementary Fig. S4e, f) [24, 31].
Given that AMPK activation could generate insulin-sensitizing
effects [56], the activity of the insulin signaling pathway should
be further studied to confirm the insulin resistance status after
C29 treatment. Taken together, these data suggest that C29
treatments improved glucose tolerance and insulin sensitivity
in HFD-induced obese mice, which are partly dependent on
adipose AMPK.

In conclusion, our results provide evidence for the first time that
a novel pyrazolone derivative called C29 improves thermogenesis
in iWAT in a UCP1-dependent manner, contributing beneficial
effects to weight loss and energy expenditure via the adipose
AMPK-PGC-1α signaling pathway. These findings indicate
that the activation of AMPK in adipose tissue might be a new
potential target to protect against obesity and other metabolic
dysfunctions.

Fig. 6 C29 improved energy expenditure and cold tolerance through the activation of adipocyte AMPK. The change in O2 consumption
(VO2) (a), change in energy expenditure (EE) (c), average O2 consumption (VO2) (b) and energy expenditure (EE) (d) under basal and
CL316,243 stimulation conditions in HFD-fed AKO mice and age-matched floxed littermates after 10 weeks of treatment. Body temperature
change (e), representative thermal images of mice (f) and interscapular BAT skin temperature (g) during cold exposure at 4 °C for 6 h after
12 weeks of treatment, n= 5. Data are the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, C29 group versus vehicle group; #P < 0.05, ##P < 0.01,
###P < 0.001, AKO group versus floxed group by Student’s t test.
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