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Obesity occurs when excess energy accumulates in white adigse tissue (WAT),
whereas brown adipose tissue (BAT), which is specialized wlissipating energy through
thermogenesis, potently counteracts obesity. White adipogtes can be converted to
thermogenic “brown-like” cells (beige cells; WAT browning under various stimuli,
such as cold exposure. AMP-activated protein kinase (AMPK]}s a crucial energy
sensor that regulates energy metabolism in multiple tisswe However, the role of
AMPK in adipose tissue function, especially in the WAT brovimg process, is not
fully understood. To illuminate the effect of adipocyte AMR on energy metabolism,
we generated Adiponectin-Cre-driven adipose tissue-speicc AMPK al/a2 KO mice
(AKO). These AKO mice were cold intolerant and their inguind/AT displayed impaired
mitochondrial integrity and biogenesis, and reduced expresion of thermogenic markers
upon cold exposure. High-fat-diet (HFD)-fed AKO mice exhited increased adiposity and
exacerbated hepatic steatosis and brosis and impaired glaose tolerance and insulin
sensitivity. Meanwhile, energy expenditure and oxygen caumption were markedly
decreased in the AKO mice both in basal conditions and after tsnulation with a
b3-adrenergic receptor agonist, CL 316,243. In contrast, weound that in HFD-fed obese
mouse model, chronic AMPK activation by A-769662 protectedagainst obesity and
related metabolic dysfunction. A-769662 alleviated HFDaduced glucose intolerance
and reduced body weight gain and WAT expansion. Notably, A-G9662 increased energy
expenditure and cold tolerance in HFD-fed mice. A-769662 &atment also induced
the browning process in the inguinal fat depot of HFD-fed mie. Likewise, A-769662
enhanced thermogenesis in differentiated inguinal stroni&ascular fraction (SVF) cells via
AMPK signaling pathway. In summary, a lack of adipocyte AMP&Kinduced thermogenic
impairment and obesity in response to cold and nutrient-ovdoad, respectively, whereas
chronic AMPK activation by A-769662 promoted WAT browning n inguinal WAT
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and protected against HFD-induced obesity and related metholic dysfunction. These
ndings reveal a vital role for adipocyte AMPK in regulatinghe browning process in
inguinal WAT and in maintaining energy homeostasis, whictuggests that the targeted
activation of adipocyte AMPK may be a promising strategy foanti-obesity therapy.

Keywords: AMP-activated protein kinase, thermogenesis, en ergy metabolism, A-769662, white adipose browning,
PGC-la

INTRODUCTION hydrolysis, while BAT-mediated nonshivering thermogdses

is extremely dependent on mitochondrial metabolisrBa(
Obesity, which has reached epidemic proportions globallyt al. 2012, 201jbRecent studies have discovered another
(Finucane et al., 20)lis associated with disorders, including type of thermogenic adipose tissue called beige fat and have
type Il diabetes, cardiovascular disease, and some cancer. Tyemonstrated that both classic brown adipocyte and beige
main cause of obesity is a chronic imbalance between energdipocyte coexist in adult humansan Marken Lichtenbelt et al.,
intake and energy expenditure. For many years, it was believeog; Wu et al., 2012; Rosen and Spiegelman,)26iowever,
that two main types of adipose tissue exist in mammalspeige adipocytes possess some distinct characteristicslassicc
white adipose tissue (WAT) and brown adipose tissue (BAT)prown adipocytes. First, beige adipocytes have a relatigely |
The primary function of WAT is to store excess energy agasal level of uncoupling protein 1 (UCP1) but express a high
triglycerides, whereas BAT is responsible for dissipatiregubal  |evel of UCP1 in response to cold and adrenergic stimulation.
energy as heat through thermogenesiseify et al, 2013  Second, beige adipocytes are not derived from the fyf5
BAT and skeletal muscle are two well-described thermogeniﬂ’]eage from which classic brown adipocytes Originate_ d',h”'
tissues that utilize di erent mechanisms to generate heat fObeige adipocytes are readi]y induced by various environnhenta
maintaining normal core body temperature in cold environnien cyes, such as chronic cold stimulation, exercise and agonist
(Rowland et al., 2015; Bal et al., 201 Bkeletal muscle employs of pro-adipogenic or pro-thermogenic transcription factorsath
both shivering and nOﬂShivering thermOgeneSiS via Variou%gu|ate beige adipogenesis or thermogend@jﬁimura et al.,
mechanisms including mitochondrial metabolism and full€P 2015 Inagaki et al., 20)L.6

Evidence has shown that augmenting the activity or contént o

Abbreviations: ACC, acetyl-CoA carboxylase; Acot2, acyl-CoA thioesterase é?rown and beige fat is bene cial for boosting energy expereitu
Acta2, smooth muscle actin alpha 2; AICAR, 5-aminoimidazole-4@amide-1-  (Bartelt and Heeren, 20)ATherefore, therapeutics that target
b-D-ribofuranoside; AKT, protein Kinase B; ALT, alanine aminotrirase; AMP,  brown fat or remodel white fat into beige fat (referred to as
adenosipe monophosphate‘; AM!_DK, AMP-activated protein_kinagﬁ,hspartate WAT browning) for the treatment of obesity and its related
transaminase; ATP, adenosmetrlphospr_]ate; BAT, brown adlpmtlSMI,Bo_dy metabolic diseases have gained clinical interest. In r(x;lemt
Mass Index; BMP7, bone morphogenetic protein 7; BMP8b, bone morpietige )
protein 8b; Cidea, cell death-inducing DFFA-like e ector a; Grdllcollagen type NUMber of tissues and cell types have been found to secrete
I alpha 1 chain; Cox5b, cytochrome ¢ oxidase polypeptide 5b; Coxftathcome  factors that regulate WAT browning or thermogenesis in brow
c oxidase Plo'Ypellnide Zal? CiXSva ]thOChm"?e c oxidase Po'g')?egﬁd;"aﬁh and beige adipose tissue, such as oregiallayah et al., 20),1
carnitine palmitoyltransferase 1, Ctgf, connective tissue groadtof; Dio2, type 5 H
Il iodothy?onine geiodinase; EE, er?ergy expenditure; EE)vlaagmion of v}:eFr]y bone morphOQenetlc protein 7 (BMP?)'.I':{eng .Et al., 2008
long chain fatty acids protein 3; eWAT, epididymal white adipossug; FAO, fatty catecholamine hormones such as norepinephrine (NE) secreted
acid oxidation; Fasn, fatty acid synthase; FBG, fastinghgtucose; Fbxo31, f-box from sympathetic neuronsQollins, 201), natriuretic peptides
only protein 31; FCCP, carbonyl cyanide 4-(tri uoromethoxy) phéydrazone;  secreted from cardiac tissuBdrdicchia et al., 20)2 broblast
i e s, STowh tactor 21 (FGF2) sectste fom the e ond BB
human ac?i;)ose—deriyved nlwgsenchymal stém ceI’I;gHDL—C, high—denptlprlbtein' etal., 201} PGC-h-dependent m¥0k|ne irisinBostrom et al.,
cholesterol; H&E, hematoxylin and eosin; HFD, High-fat-diet; Hspb@at 2019, T4 secreted from the thyroid, and BMP8b and vascular
shock protein family, member 7; IBMX, 3-Isobutyl-1-methylxanthir; insulin  endothelial growth factor (VEGF) secreted from BAWI{ittle
receptor; ITT, insulin tolerance test; iIWAT, inguinal white adipaissue; Lcad, et al., 2012; Bagchi et al., 2@_1[51 addition to secreted factors,
long chain acyl-CoA dehydrogenase; LC-MS/MS, liquid chromatograpss  geyeral small molecules have also been shown to induce WAT

spectrometry/mass spectrometry; LDL-C, low-density lipoprotein chalelste . . . .
Mel, malic enzyme; Mmp2, matrix metallopeptidase 2; mtDNA, mitochondrialbrownmg’ such as a transient receptor potentlal cation ctednn

DNA; Myf5, myogenic factor 5: NE, norepinephrine; NEFA, nonesterifatty ~ subfamily V- member 4 (TRPV4) antagonist that upregulates
acid; NMR, 1H-nuclear magnetic resonance; OCR, oxygen consumpiies; PGC-Ja (Ye et al., 2012

Oplah, 5-Oxoprolinase (ATP-Hydrolysing); OXPHOS, oxidative phosphtioria AMPK, a ubiquitously distributed serine/threonine protein
PGC-1a, Peroxisome proliferator-activated receptor gamma coactivator laalph kinase regulates cellular energy homeostasis acting adralce

Ppargclb, Peroxisome proliferator-activated receptor gamma cotastibata; d it by t . taboli th
PRDM16, PR domain containing 16; pWAT, perirenal WAT; RER, respiyato énergy sensor and monitor by turning on catabolic pathways

exchange rate; Slc29al, solute carrier family 29 member 1: SVF, stmsnalar 10 generate ATP and turning o energy-consuming anabolic
fraction; T3, 3,85-Triiodo-L-thyronine; T4, thyroxin; TC, total cholesterol; TG pathways Zhang et al., 2009 AMPK generally functions as
triglyceride; Timpl, tissue inhibitor of metalloproteinases 1, TRPWdnsient  gn indispensable heterotrimeric complex that is composed of
receptor potential cation channel subfamily V member 4; UCP1, uncogpli a catalytic subunit41 and a2) and two regulatory subunits

protein 1; VEGF, vascular endothelial growth factor; WAT, whitéade tissue; . . . .
ZMP, 5-aminoimidazole-4-carboxamide ribonucleoside monophosphat (b and g; Carling, 200} The direct metabolic substrates of
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AMPK are related to almost all branches of cellular metabolisnstudy, we focus on elucidating the role of AMPK in adipose tissue
(Homan et al., 2015; Schaer et al.,, 2015AMPK is widely metabolism by generating a mouse model with the adipocyte
implicated in diverse biological processes including cali\gh, AMPK catalytic subunitsd1l and a2) ablated (AKO) and by
cell polarity and migration, autophagy and energy metabolisninvestigating the metabolic e ects of the chronic, dirediaation
(Mihaylova and Shaw, 20).dmportantly, AMPK plays a critical of AMPK by A-769662 on a HFD-fed obese mouse model. Similar
role in regulating fatty acid metabolism, thermogenesid #re  to adipose tissue-speci ¢c double AMRK /b1 KO mice (Mottillo
development of adipose tissu®'{\eill et al., 2013; Day et al., et al., 201)3 the AKO mice were prone to HFD-induced obesity
2017. AMPK activation is known to inhibit fatty acid synthesis and hepatic steatosis and brosis, and displayed impaired gkicos
and to promote fatty acid oxidation by phosphorylating acetyl-and lipid metabolism. Consistent with this result, cold-irchd
CoA carboxylase (ACC) and by decreasing malonyl-CoA levehdaptive thermogenesis and both basal a@tadrenergic-
thereby reinstating the activity of carnitine palmitoyltrsfierase activated energy expenditure were signi cantly blunted in
1 (CPT1) Carlson and Kim, 1973; Carling et al., 1987; FullertorAKO mice. Furthermore, we demonstrated that chronic AMPK
et al., 201 Acute treatment with A-769662, an allosteric activation by A-769662 reduced body weight gain and WAT
AMPK activator that depends on the existence of AMPKexpansion in HFD-fed mice. Notably, A-769662 enhanced cold-
bl, lowers the liver malonyl-CoA level and enhances fattynduced thermogenesis and induced browning in the inguinal
acid oxidation in Sprague Dawley rats, and chronic A-76966%at depot. Collectively, our ndings indicate that AMPK plays
treatment decreases plasma and liver triglyceride levaddfob a critical role in the regulation of energy homeostasis and
mice (Cool et al.,, 2006 AMPK also regulates mitochondria chronic AMPK activation may provide promising therapeutics
biogenesis by phosphorylating and activating PGC{lager for treating of obesity and related metabolic diseases thioug
et al., 200y. The natural compound berberine has been shown tgromoting energy expenditure.
promote thermogenesis in brown and WAT via the AMPK-PGC-
la pathway Zhang et al., 2004 Regarding the development MATERIALS AND METHODS
of adipose tissue, several studies have suggested that AMPK
plays an inhibitory role in white adipocyte dierentiation Materials
(Habinowski and Witters, 2001; Dagon et al., 2006; ZholAntibody sources are as follows: UCP-1 (alpha diagnostic,
et al., 200R Some other studies have shown that AMPKUCP11-A, 1:1,000, 32 kDa), PGC-la (Calbiochem, ST1202,
activation promotes brown adipocyte di erentiatian vitroand  1:1,000, 113 kDa); IR (Santa Cruz, sc-711, 1:1,000, 95 kDa),
that AMPK positively regulates brown adipogenesis and BARMPKal (#ab3759, 1:1,000, 63 kDa), AM&EX (#ab3760,
development via epigenetically decreasing the DNA methgiati 1:1,000, 63 kDa) (abcam); AMBR (#AP51709, 1:1000, 38
of the PRDM16 promotor Yang et al., 2006 Most studies kDa), b-actin (AM1021B, 1:10,000, 42 kDa) (Abgent); AMPK
on adipocyte AMPK are mainly based on the use of indirec(#2532, 1:1,000, 62 kDa), AMBK (#12063, 1:1,000, 38 kDa),
pharmacological AMPK activators, which may cause o -targeiAMPKb2 (#4148, 1:1,000, 30 kDa), AMBK (#2536, 1:1,000,
e ects (Cool et al., 2006 For example, pharmacological, chronic 75 kDa), phospho-AMPHK (Thr172) (#2535, 1:1,000, 62 kDa),
activation of AMPK by 5-aminoimidazole-4-carboxamide-1-ACC (#3662, 1:1,000, 280 kDa), phospho-ACC (Ser79) (#3661,
b-D-ribofuranoside (AICAR) has been reported to enhancel:1,000, 280 kDa), AKT (#4691, 1:1,000, 60 kDa), phospho-AKT
energy dissipation in white adipocyteSd€idhu et al., 2009 (Ser473) (#4060, 1:1,000, 60 kDa), phospho-IR (Tyrl162)
When AICAR is converted to 5-aminoimidazole-4-carboxamid (#3918, 1:1,000, 95 kDa) (Cell Signaling Technology). 9688,
ribonucleoside monophosphate (ZMP), it mimics the e ects ofCL 316,243, norepinephrine, rosiglitazone, dexamethasone,
AMP and activates AMPKorton et al., 1995; Carling et al., 3-Isobutyl-1-methylxanthine (IBMX), 39%-Triiodo-L-
2019. However, this mechanism causes other e ects, such ahyronine (T3), indomycine, oligomycin, carbonyl cyanide
the stimulation of glycogen phosphorylase and inhibition of4-(tri uoromethoxy) phenylhydrazone (FCCP), rotenone and
fructose-1,6-bisphosphatasedol et al., 2005 and it is unclear antimycin A were purchased from Sigma-Aldrich. Recombinant
whether the metabolic e ects seen with AICAR administrationhuman Insulin (Eli Lily) was purchased from Changzheng
are mediated entirely through AMPK stimulation. Therefore,Hospital (Shanghai, China). ELISA kits used in measurement
alternative methods for directly and more speci cally aatimg  of plasma parameters are as follows: TG (Shanghai Fosun
AMPK are needed to study the role of AMPK in adiposeLong March, 1.02.1801), TC (Shanghai Fosun Long March,
metabolism. 1.02.0401), HDL-C (XinJianKangCheng Bio, E0303), LDL-C
Recently, a study reported that adipose tissue-speci ¢ deletiofXinJianKangCheng Bio, E0403), NFEA (WAKO, 294-63601),
of both AMPK bl and b2 subunits exacerbated high-fat diet Insulin (Millipore, EZRMI-13K), Irisin (Phoenix, EK-067-29),
(HFD)-induced insulin resistance and hepatic steatosis ttue Leptin (Millipore, EZML-82K), Adiponectin (abcam, ab108785),
compromised BAT and WAT functionNlottillo et al., 2019.  Glucagon (BIOSWAMP, MU30638), Epinephrine (CUSABIO,
Meanwhile, another study showed that genetic deletion of botiCSB-E08679m), Norepinephrine (CUSABIO, CSB-E07870m),
AMPK al and a2 subunits in adipose reduced adiposity dueALT (Sysmex, 290703, 290704), AST (Sysmex, 290705, 290706)
to an increase in lipolysis and fatty acid oxidation in adipose
tissue Kim et al., 201} Despite the di erent genetic knockout Animal Model
strategies used in these two studies, the phenotypes in gegmoty All animal experiments were approved by the Animal Care and
with adipocyte AMPK abrogation are quite controversial. listh Use Committee of the Shanghai Institute of Materia Medica,
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where the experiments were conducted. All animals were fbuseuid mass were determined byH-nuclear magnetic resonance
in a temperature-controlled room (22 2 C) with a light/dark  (NMR) spectroscopy (Minispec LF90 II, Bruker).

cycle of 12h. To obtain adipose tissue-speci c AMRKa2

double-KO mice (referred to as AKO mice), AMBK/a2- oxed ~ Glucose Tolerance Test (GTT) and Insulin

mice were rst generated by mating homozygous AMBEK  Tolerance Test (ITT)

oxed mice (stock No: 014141, PrkaglJackson Laboratory, After fasting for 6 h, mice were i.p. injected with either glaeo
Bar Harbor, Maine, USA) with AMPHK2- oxed (stock No: (2 g/kg) or insulin (0.75 U/kg). Glucose concentrations were
014142, Prkaa? Jackson Laboratory, Bar Harbor, Maine, USA). measured before and 15, 30, 60, 90, and 120 min after the
Next, AM PKal/a2- oxed mice were crossed with Adiponectin- injection of g|ucose or insulin.

Cre mice (stock No: 010803, Jackson Laboratory, Bar Harbor,

Maine, USA) to generate adipose tissue-speci ¢ AKO mice. Mal@uantitative RT-PCR

AKO mice and age-matched AMRH/a2- oxed littermates Total RNA was isolated from cells or homogenized tissues
were randomly divided into two groups and starting from 8 ysing TRIzol reagent (Invitrogen). One microgram of total RNA
weeks of age for 34 weeks fed either a normal chow diet or\gas reverse transcribed using PrimeScript Reverse Trarsseipt
HFD (60% calories from fat, 20% calories from protein, 20%Takara). The resulting cDNAs were ampli ed using 2SYBR
calories from carbohydrate; Research Diets). Body weigtt arGreen qPCR Master Mix (Vazyme) and a Stratagene Mx3005P
food intake were recorded weekly. Cold exposure experimenfgstrument (Agilent Technologies). Expression was nornesliz

were performed at 8 weeks of age. Glucose tolerance tests agdthat of indicated control gene. Primer sequence detaits a
insulin tolerance tests were conducted at 20 and 30 weekfown in Supplementary Table 1.

of age, respectively. Metabolic analysis and body composition

analysis were performed at 40 weeks of age. For chronic anfitochondrial DNA (mtDNA) Quanti cation

obesity studies, beginning at 6 weeks of age, male C57BL/&dipose tissues were cut into small pieces, and total DNA was
mice (Shanghai SLAC Laboratory Animal Co., Shanghai, Qhinaxtracted using a DNeasy Blood & Tissue Kit (Qiagen, 69506)
were fed a HFD. At 14 weeks of age, HFD-fed mice and chovaccording to the manufacturer's instructions. Quantitati(Q)

fed mice were randomly assigned to treatment groups. MicCR was performed using mitochondrial DNA-speci ¢ primer
received either vehicle [1% DMSO, 2% castor oil and 0.9% NaGh6S rRNA)and genomic DNA-specic primer (hexokinase
g.d., intraperitoneally (i.p.)] or A-769662 (30 mg/kg/dayig.p.) 2 gene, intron 9). Primer sequence details are shown in
for 6 weeks. Body weight and food intake were recorded dailsupplementary Table 1.

Glucose tolerance tests and calorimetry metabolic analysis

conducted during the 4th week of treatment. The blood samplekmmunoblotting

were collected during the 5th week of treatment and the plasm@otal protein from the tissues or cells was prepared in RIPA bu er
parameters were determined using the indicated kits acogrtti (50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1% NP-40, 1 mM
the manufacturers'instructions. Cold exposure experimargge  NagVO4, 1L mM DTT, 1 mM EDTA, and 1 mM EGTA) containing
performed at 4C during the 6th week of treatment. At the end of complete protease inhibitors (Roche). After boiling for 10 nin i
the study, the tissues were dissected, weighed, immediaiegn  SDS loading bu er, equal amounts of protein for each sample
in liquid nitrogen and stored at 80 C. were electrophoresed through SDS-PAGE gels.

Cold Exposure Histology

For chronic cold exposure, mice were singly housed & 4 Mouse tissues were xed in 4% neutral-bu ered formalin and
for 24h. Food and water were availabdd libitum. For embedded in para n. Sections (5am thick) were stained with
acute cold exposure, mice were individually housed & 4 hematoxylin and eosin (H&E) and Sirius red according to
for 8h without food but with free access to water. Bodystandard protocols. Microscopy analysis was performed by using
temperature was measured every hour with a BAT-12 microprobe Leica DM6 B microscope at the indicated magni cation,
digital thermometer and RET-3 mouse rectal probe (Physitemand images were captured by a sCMOS camera under the

Instruments, Clifton, USA). same parameter setting. The average adipocyte size and lipid
] ) droplet area in adipose tissue sections [expressed as the averag
Metabolic Analysis cross-sectional area per cefitri?)] was determined by using

Mouse @ consumption, CQ production, heat production ImageJ software (National Institutes of Health) accordig t
and locomotor activity were measured using a sixteen-ctemmb the method described inParlee et al. (2014)Fibrosis was
indirect calorimeter (TSE PhenoMaster, TSE system) a@tgrd evaluated by calculating the proportional area of picrosirecs

to manufacturer's instructions. Mice were acclimated to thestained matrix using image analysis (Quant center, 3D HISHE
chambers for 24 h before the measurements began. Food arftlingary).

water were fedad libitum throughout the experiment. Basal

metabolic parameters were measured during the following 12Tissue Hydroxyproline Measurement

h light/dark cycle and the CL 312,643-stimulated metaboli¢-rozen liver samples (100-105mg) were weighed and acid-
parameters were measured for 10 h after the i.p. injection diiydrolyzed with 5M HCI at 110C for 18-22 h. Hydroxyproline

CL 312,643 (1 mg/kg). Whole-body fat mass, lean mass armbntents were measured using a hydroxyproline colorimetric
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assay kit (BioVison, K555-100) according to the manufaatsr (OCRs) and for 24 hin western blot analysis. To con rm whether

instructions. A-769662-induced thermogenesis vitro via AMPK signaling

) . . pathway, iIWAT-SVF cells isolated from the oxed mice were
Liver Triglyceride and Cholesterol di erentiated into beige adipocytes followed by infectedmiC
Measurement and Cre lentivirus on day 6, and were treated with A-769662 at

The liver triacylglycerol and cholesterol content were swead  the indicated concentration on day 8.

following a Folch extractionHolch et al., 1997 The dried lipid

residues were then resuspended in @@thanol with 1% triton  Measurement of OCRs

for follow-up TG and TC assays. The Liver TG and TC levels wer8VF cells were plated in a 96-well XF microplate (Seahorse

determined with the same kit as used in the plasma analysis. Bioscience) and di erentiated for 7 days, OCR was measured
o ) at 37C using a 96 Extracellular Flux Analyzer (Seahorse

Transmission Electron Microscopy Bioscience) in accordance with the manufacturer's ingtours.

The adipose tissues were cut into 1 Mrand xed in 2.5% Uncoupled respiration was detected by treating cells with

glutaraldehyde (pH 7.4) for 24 h. Then the sample was washegligomycin (2mM).

with 0.1 M phosphate bu er for three times and xed in osmic

acid for 3h in 4C. The sample was ushed again, dehydratedTissue Distribution Assay

with ethanol step by step, and displaced with epoxy propane4FD-fed mice were i.p. injected with A-769662 (30 mg/kg).

Finally, the block was embedded in Spurr resin (Spi-Chem, USAAfter 1 h, the animals were sacri ced, and the plasma, liver,

and polymerization at 7. Thin sections were cut on a Leicaand various adipose depots and muscles were collected and

EM UC6 ultramicrotome and counter stained with uranyl acetat preserved at 80 C. Tissue samples were analyzed with a

and lead citrate. Then samples were observed with a JEM12f§uid chromatography-mass spectrometry/mass spectrometry

transmission electron microscope (JEOL, Japan). For eaghC-MS/MS) system (an Agilent 1200 HPLC coupled to an

sample, total mitochondria and mitochondria bearing crésta Agilent 6460 Triple Quad instrument, Agilent Technologies,

disruption were quanti ed, and percentage of mitochondriaUSA) to detect the concentration of A-769662. Data were

with disrupted cristae was calculated. Criteria for disrupte analyzed by MassHunter Quantitative Analysis (version B12.

cristae included any observable disorganization, vazatitin, or  Agilent Technologies, USA).

dissolution of cristae within mitochondria\(ottillo et al., 2016;

Baletal., 2017%a Statistical Analysis

. The results are presented as the meansSEM. Di erences
Strom_al VaSCUI_ar Frac_tlo_n (SVF) Cells between the groups were analyzed using Studetg'st or one-
Isolation and Differentiation way ANOVA followed by Dunnett's multiple comparisons test by
SVF cells were isolated as described previoudlgng et al., GraphPad Prism version 7.00 for Windows (GraphPad Software,
2013. In brief, adipose tissue was minced and digested witlha Jolla California USAP < 0.05 was regarded as statistically
10 mg/ml collagenase D (Roche) and 2.4 mg/ml Dispase Higni cant.

(Roche) in PBS supplemented with 1% bovine serum albumin

for 45min at 37C, followed by quenching with complete

medium. The digested tissue suspensions were centrifugelgESULTS

washed and successively ltered through 100 andwtstrainer  Adipocyte AMPK Regulating Mitochondrial

(BD Biosciences), and then, the cells were plated onto 10 CBiogenesis and Structural Integrity Was

dishes. SVFs were cultured in DMEM/F12 supplemented wit . :
10% FBS (Gibco), 1% penicillin/streptomycin (Invitrogeny S IheqUIred for Cold-Induced Adaptive

cells were plated onto 24-well plates to reach con uence. Oncknermogenesis in Inguinal White Adipose

cells reached con uency, adipocyte di erentiation was cedri  TiSSue

out in growth medium supplemented with 850nM insulin, One of the important functions of brown and beige fat is
0.5mM IBMX, 1mM dexamethasone, 125 nM indomethacin anddefending against hypothermia in cold environments through
1nM T3 for 48h and then in growth medium supplemented adaptive thermogenesis, which is crucial for maintaining
with 850 nM insulin and 1 nM T3 for an additional 6 days. To whole-body energy homeostasisiagims and Seale, 2013
investigate the e ect of AMPK knockdown on NE-induced Cold exposure stimulatels-adrenergic signaling via regulating
thermogenic, IWAT-SVF cells were isolated from 5 week-oldhorepinephrine (NE) secretion from sympathetic nerves, which
AMPK al/a2- oxed mice and induced to di erentiate toward indirectly activates AMPK signaling by inducing lipolysis and
beige adipocytes. Cells were infected with NC and Cre adeusovi mitochondrial uncoupling in the adipose tissue of rodents
on day 6 and were treated with NE (&®) on day 8 for (Gauthier et al., 2008 It has been reported that in response
6h. To investigate the e ect of A-769662 on thermogenesigp cold acclimation, di erent adipose tissue depots play diverse
di erentiated SVF cells (day 7) were cultured with serumefre roles in metabolic remodeling, displaying enhanced thermage
DMEM/F12 medium for 2h and treated with DMSO or A- activity in BAT and contributing to browning in iWAT and in
769662 at the indicated concentration for 6 h in quantitatRT- eWAT to a lesser extenfia et al., 20)6We wondered whether
PCR, for 12 h in the measurement of oxygen consumption ratethe sensitivity of AMPK activation in response to short-term
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cold exposure varied among di erent fat pads. To probe thecompared to that of oxed mice, whereas that in eWAT did
role of AMPK signaling in cold-induced adaptive thermogesesinot di er in these two genotypes (Supplementary Figure 1M),
in di erent adipose depots, 9-week-old male C57BL/6J micesuggesting that AMPK deletion likely inhibited mitochondrial
were housed at room temperature (RT) or challenged wittbiogenesis in iIWAT and BAT, both of which contribute to
cold temperature (4C) for 24 h, and the expression levels ofadaptive thermogenesis during prolonged cold exposure. Next,
proteins re ecting AMPK activation and thermogenic capacitythe mitochondrial morphology in iWAT and BAT were assessed
in various adipose depots, including interscapular BAT, ingliin by using transmission electron microscopy. Accordinglye th
white adipose tissue (iIWAT), and epididymal white adiposeigss mitochondria number per micrograph was decreased in iWAT
(eWAT), were examined by western blot analysis. AMPK waand BAT of AKO mice by approximately 66 and 43%, respectively
signi cantly activated by cold exposure in IWAT, as evidethby  (Figures 1D,E,G,H. The mitochondrial structure was altered
increased AMPId phosphorylation (Thr172), but was una ected in iIWAT and BAT of AKO mice after cold adaption and the
in BAT and eWAT (igure 1A and Supplementary Figure 1A). disrupted cristae were increased by approximately 146 and 170%,
Similarly, the expression of the thermogenic protein UCP1 wagespectively Kigures 1D,F,G,). These observations indicate
up-regulated by cold in iWAT, but not in BAT and eWAT that adipocyte AMPK de ciency impaired both the structural
(Figure 1A and Supplementary Figures 1A,B), suggesting ategrity of mitochondria and mitochondrial biogenesis.
depot-speci ¢ positive correlation between AMPK activatiomlan  In addition, the expression of thermogenesis-related genes
adaptive thermogenesis in iIWAT. and proteins responding to cold acclimation was detected by
To investigate the physiological e ects of adipocyte AMPK Quantitative RT-PCR. The mRNA levels of thermogenesis-
on whole-body energy metabolism, we generated adiposeetissurelated genes, includingcpl PpargclaDio2, Elovi3 Prdm16
speci c AMPKa knockout (referred to as AKO) mice by crossing Cidea Cox7al Cox8b,and Cox5h and fatty acid oxidation
Adiponectin-Cre mice with double AMPKal/a2- oxed mice (FAO)-related genes, such &pargclpCptlb,and Lcad were
(referred to as oxed mice). Western blot analyses of AMBK dramatically reduced in the IWAT of the AKO mice after
and AMPKa2 expression in dierent fat pads and liver were cold exposure Kigure 1), but were unchanged in eWAT
performed to examine the knockout e ciency of AKO mice. (Supplementary Figure 1P). In agreement of this result, the
The expression of both AMP&L and AMPKa2 and the mRNA  expression levels of the thermogenic protein UCP1 and of PGC-
levels of their encoding genePrkaaland Prkaad in iWAT, 1a, a master coregulatory factor for mitochondrial biogesesi
eWAT, and BAT were substantially reduced in AKO mice; in(Wu et al., 199) were signi cantly reduced by genetic deletion
contrast, that in the liver was not di erent between the geypts  of adipocyte AMPI& (Figure 1Land Supplementary Figure 1N),
(Figure 1B and Supplementary Figures 1C,D,l-L), indicatingindicating that cold-induced browning was severely impdire
that the deletion of AMPI& was specic to adipose tissue. in the IWAT of AKO mice. In addition to the thermogenic
Because AMPH function as an indispensable subunit of theremodeling of iIWAT, BAT-mediated adaptive thermogenesis
heterotrimeric complex Kentz et al., 20)5we examined the is also highly responsive to cold stimulatiorRqsen and
expression levels of its regulatory subutitsnd g. Surprisingly, Spiegelman, 20)4We then examined the expression pattern of
expression of subunit AMPIiL, AMPKb2, AMPKgl, and thermogenic genes and proteins in the BAT of cold-acclimated
AMPKg2 were signi cantly decreased in adipose tissue of AKCAKO mice and oxed mice. In line with the reduced content
mice, but not in liver Figure 1B and Supplementary Figures and disrupted cristae of mitochondria, the expressioRpérgcla
1E-H). However, the mRNA levels of genes encoding subunégnd FAO-related genes, includinBpargclband Lcad were
b (Prkabland Prkab3 and subunitg (Prkagland Prkag? decreased in BAT of AKO mice. However, the expression
were unaltered between genotypes (Supplementary Figures If thermogenic genes, such &kpl PpargclaDio2, Elovl3
L), which suggests that the presence of AMRKight be critical Prdm16 Cideg Cox7alCox8bandCox5h were not signi cantly
for protein stability ofb subunits andg subunits. These data altered in the BAT of AKO mice Rigure 1K). Western blot
indicate that e cient adipocyte-speci ¢ deletion of AMPK was analysis showed that the expression of UCP1 and P&@l
achieved. the BAT of the AKO mice was comparable with that of the
First, chow-fed male AKO mice and age-matched oxed oxed mice (Figure 1IMand Supplementary Figure 10), denoting
littermates were challenged with cold exposure af 4or 8h  that BAT-mediated adaptive thermogenesis was not readily
to assess the cold tolerance of both genotypes. During theerturbed by adipocyte AMPK deletion in vivo. Moreover,
cold challenge, the rectal temperature of AKO mice decreasetle knockdown of AMPH by using Cre-expressing adenovirus
more rapidly than that of oxed miceRigure 10, indicating in di erentiated stromal vascular fraction (SVF) cells idelé
that the capacity of adaptive thermogenesis in AKO mice wakom the iIWAT of AMPK al/a2- oxed mice inhibited NE-
impaired. To determine the adaptive thermogenic activity ofinduced thermogenic gene induction (Supplementary Figure 2)
di erent adipose pads, cold exposure was extended to 48Indicating that AMPK may serve as an important modulator
The content and integrity of mitochondria a ect its function of thermogenesis in a cell-autonomous manner. Togeth@seh
of oxidation metabolism and cellular energy status duringdata demonstrate that the abrogation of AM®K adipose tissue
thermogenesis proces84l et al., 201%a The total number impairs mitochondrial integrity and function and suppresses
of mitochondria in di erent adipose pads was determined bycold-induced adaptive thermogenesis and the browning otevhi
assessing mitochondrial DNA copy number. The mitochondriaadipocytes in iWAT, which may contribute to cold intolerande o
number was reduced in iWAT and BAT of AKO mice AKO mice.
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FIGURE 1 | Adipose AMPK de ciency impaired cold tolerance and suppresed cold-induced thermogenesis speci cally in inguinal whé adipose tissue.(A) Western
blot analysis of UCP1, p-AMPHK (T172) and AMPHKa protein levels in the interscapular brown adipose tissue @), inguinal white adipose tissue (IWAT) and epididymd
(Continued)
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FIGURE 1 | white adipose tissue (eWAT) of 9-week-old male wild-type (W} mice housed at RT or 4C for 24 h. b-actin was used as a loading control.n D 4. (B)
Western blot analysis of AMPI&1, a2, b1, b2, g1, g2 protein expression levels in the BAT, iWAT, eWAT and livef d0-week-old male AKO mice and age-matched
oxed littermates. b-actin was used as a loading control.n D 3. (C) Rectal temperature of 8-week-old chow-fed AKO and oxed miceat 4 C for 8h.n D 9. (D-M)
8-week-old male chow-fed AKO mice and oxed mice were housed @4 C for 48 h. Representative transmission electronic microsapy images of iWAT(D) and BAT
(G), total number of mitochondria per micrograph in iWATE) and BAT (H) and the percentage of mitochondria with disrupted cristae wer total mitochondria in iWAT
(F) and BAT (1) from AKO mice and oxed mice were shown.n D 3. Scale bar: 2mm in low magni cation ( 5,000, upper) and 0.5mm in high magni cation ( 20,000,
bottom). The relative mRNA levels of thermogenic genes andtty acid oxidation (FAO)-related genes in the iWAD) and BAT (K) of AKO mice and oxed mice were
analyzed by quantitative RT-PCR (normalized t86b4). n D 8-9. The expression levels of AMPK, p-AMPKa (T172), ACC, p-ACC (S79), UCP1 and PGC-4.in the
IWAT (L) and BAT (M) of AKO mice and oxed mice were determined by western blot analsis. Data are presented as the means SEM. Studentst-test. *P < 0.05,
**P < 0.01, **P < 0.001 compared with the indicated control group.

Adipocyte AMPK Protected against under HFD stress. However, there were no signi cant changes
Diet-Induced Obesity and Related in the levels of low-density lipoprotein cholesterol (LDL;C)
Metabolic Dysfunction high-density lipoprotein cholesterol (HDL-C) and nonested

atty acid (NEFA) between genotypes fed with a chow-diet or a
of FD (Table 1). Collectively, these results suggest that adipocyte
DAMPK play a vital role in combating HFD-induced obesity,

To investigate the metabolic e ects of adipocyte AMPK ablatio
in response to a HFD, 8-week-old male AKO mice and ag
matched oxed littermates were fed either a chow diet or a HF . . . :
for 34 weeks. Beginning at 29 weeks of age, the chow-fed AK(a(sregulated glucose homeostasis and insulin resistance.

mice gained more weight than their counterparts, and the HFDEffects of Adipocyte AMPK a De ciency on

challenge exacerbated the weight gain caused by the det#tion . . .
adipocyte AMPK, as evidenced by the earlier appearance (at yge Morphology of Adipocytes in Different

weeks of age) of more severe obesity in HFD-fed AKO mic®€pOts In Vivo

(Figure 2A). Accordingly, the AKO mice were visually bigger Since the AKO mice were prone to HFD-induced obesity, we
and more obese than the HED-fed or chow-fed oxed micefurtherinvestigate the e ect of adipocyte AMRKleletion on the
(Figure 2B). Although adipocyte AMPK deletion did nota ect morphology of di erent adipose depots. H&E staining showed
food intake in mice fed a chow diet or a HFD (Supplementarythat adipocyte size in the iWAT of chow- or HFD-fed AKO mice
Figure 3), chow- and HFD-fed AKO mice exhibited greaterwere notably larger than that in the oxed mice, as indicatsd
adiposity than the oxed mice, as evidenced by a higher faincreased adipocyte area in the iWAFigures 3A,B. However,
mass in the AKO groupsHigure 20). The relative iWAT weight the adipocyte size in the eWAT of chow- and HFD-fed mice was
was increased in AKO mice fed a chow diet or a HFD, but théot in uenced by adipocyte AMPH deletion Figures 3A,Q.
weight of perirenal WAT (pWAT) was increased only in the The lipid droplets in the BAT of chow- or HFD-fed AKO
HFD-fed AKO mice, while relative weights of e WAT and liver mice were obviously larger than those of the oxed mice
were unchangedRigure 2D). Interestingly, the relative weight (Figures 3A,D), which may be owing to diminished expression of
of BAT was decreased in the chow- and HFD-fed AKO miceFAO-related gene in the BATF{gure 1K). As mentioned above,
probably due to the inhibition of brown adipogenesis duringadipocyte AMPHa de ciency speci cally a ected the expression
early BAT development by the deletion of AMBKYang et al., ©f thermogenesis- and FAO-related genes and proteins in iWAT
2016. Moreover, glucose tolerance was impaired in the AKOvhich may hinder lipid mobilization and contribute to the
mice fed a chow diet or a HFD, as shown by an increased aréacreased adipocyte size and weight of inguinal adipose tissue
under the curve (AUC) in this groupRigure 2B). Defects in ) .

insulin sensitivity were also observed in the AKO mice fedae Adipocyte AMPK a De ciency Reduced

diet or a HFD Figure 2P. Notably, the plasma levels of insulin Basal and b3-Adrenergic-Activated Energy

and leptin, an adipokine that positively correlates to obesityd  Expenditure

fat mass Considine et al., 1996were markedly elevated in both since the development of obesity and obesity-related métabo
chow- and HFD-fed mice, while as an important adipose-derivegjysfunction is generally due to an imbalance between energy
hormone, adiponectin, the level of which is closely assediat jntake and energy expenditure, we continued to evaluate the
with insulin resistance and negatively correlated withpadity e ect of adipocyte AMPK deletion on energy expenditure
(Yamauchi et al., 200 was decreased by 36 and 32% in chowynder basal conditions and in response to achBadrenergic
and HFD-fed AKO mice, respectivelygble 1). The plasma level receptor (AR) activation. Under basal conditions or after
of glucagon, acting as a counterregulatory hormone forlinsu jp. injections with b3-AR activator CL 316,243, the ,0
(Jiang and Zhang, 20p3was reduced in both chow- and HFD- consumption and energy expenditure (EE) of chow- and HFD-
fed mice {able ), which may be a consequence of increaseed AKO mice were signicantly reduced during the 12-h
insulin level in AKO mice. Furthermore, the plasma levels oiight_dark Cyc|e Figures 4A_D' but locomotor activity was
triglyceride (TG) and total cholesterol (TC) were signirty  ynchanged (Supplementary Figures 4B,D). Additionally, the
increased by 34 and 39% in HFD-fed AKO mice, respectively, bijasal respiration exchange ratio (RER) was unaltered in the AKO
not in chow-fed AKO mice Table 1), indicating that adipocyte mice fed a chow diet or a HFD (Supplementary Figures 4A,C),
AMPK deletion aggravated the development of hyperlipidemiayt the CL 316,243-stimulated RER was slightly decreased in
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FIGURE 2 | mass, uid mass and lean mass relative to the total body weighof 40-week-old mice. (D) Relative weight of the liver, iIWAT, e WAT, pWAT, and BAT to the
total body weight of mice. (E) Blood glucose levels from the intraperitoneal glucose tolance test (ipGTT) of 20-week-old mice following a single jection of glucose (2
g/kg) (left). The area under the curve (AUC) of the ipGTT dugithe indicated times was calculated as the blood glucose mtiplied by the time (mM*min) (right)F)
Blood glucose levels of 30-week-old mice following a singlénjection of insulin (0.75 U/kg) in the intraperitoneal indin tolerance test (ITT) (left). The AUC of the ITT is
shown (right). Chow-Flox: AMPKal/a2- oxed mice fed a chow diet, Chow-AKO: adipose tissue-specic AMPK al/a2 KO mice fed a chow diet, HFD-Flox: AMPK
al/a2- oxed mice fed a HFD, HFD-AKO: adipose tissue-speci c AMPKal/a2 KO mice fed a HFD. Data are presented as the means SEM.n D 11-15. Student's
t-test. *P < 0.05, *P < 0.01, ***P < 0.001 compared with the corresponding Flox group.

TABLE 1 | Plasma metabolic variables in oxed mice and AKO mice fed witla kinase (GcR, malic enzyme Nlel), fatty acid synthaseFast)
chow diet or a HFD. and acetyl-CoA carboxylase Adc), and brosis-related genes
Parameters Chow-Flox ~ Chow-AKO HFD-Flox HFD-AKO including smooth muscle actin alpha 2 (Acta2, encodiag

smooth muscle actin), collagen type | alpha 1 chain (Collal),
TC (mM) 197 013 201 017 42 047 584 027"  connective tissue growth facto€{gf), matrix metallopeptidase
LDL-C (mM) 1.49 0.04 1.60 0.05 267 0.21 3.23 0.16

2 (Mmp2) and tissue inhibitor of metalloproteinases Tiripl)

HDL-C (mM) 0.92 0.04 0.84 0.06 1.56 0.11 1.65 0.04 ;i . . .
LDL-C/HDL-C 1.65 0.07 1.77 0.06 1.92 0.07 1.81 0.09 W‘?re up-regulated m_ AKO mice espema_lly fed_W'th a '__”:D
G (mM) 0.70 0.05 069 005 041 004 oss oos~  (Figures5G,H. Despite unchanged relative weight of liver
NEFA (mEq/L) 0.83 0.06 0.86 0.06 0.54 0.06 053 0.03 between genotypes-igure 2D), the absolute liver weight was
Insulin (ng/ml) 3.04 0.39 434 053* 2008 356 2931 3.59% obviously increased in HFD-fed AKO miceFigure 51). We
Leptin (ng/mi) 340 062 574 081* 4597 453 5708 219*  further explored the status of insulin resistance in the lioér
Irisin (ng/ml) 55.05 1.74 47.47 5.49 3464 15 33.21 213 HFD-fed oxed and AKO mice by detec“ng the endogenous

Adiponectin fng/ml) 1520 2.72 9.78 0.88* 14.63 1.52 9.99 0.99*
Glucagon (pg/ml) ~ 231.67 20.24 147.10 32.72* 119.09 1519 77.18 16.28*
Epinephrine (pg/ml) 234.30 4059 263.74 3551 23532 24.75 208.48 30.08
NE (pg/ml) 541.40 597 532.86 13.41 501.83 10.87 50249 11.95

activity of insulin signaling. The phosphorylation levelsrfulin
receptor (IR) tyrosine-1162 (IB163 and serine/threonine
kinase (AKT) serine-473 (AK¥*"3 were dramatically repressed
in HFD-fed AKO mice Eigures 5J-I), indicating impairment in
Values are expressed as the means SEM. n D 7-8. Student's t-test. *P < 0.05, insulin Sensitivity in the liver after adipocyte AMPRKdeletion.
**P < 0.01 compared with the corresponding Flox group. TC, total cholesterol; NEFA M th I [ I f alani inot f ALT
nonesteri ed fatty acid; HDL-C, high-density lipoprotein cholesteroll.DL-C, low-density oreover, € plasma _eve S or alanine aml_no_rans erase X
lipoprotein cholesterol; TG, triglycerides; NE, norepinephrine. and aspartate transaminase (AST) were signi cantly inedas
in HFD-fed AKO mice EFigures 5M,N), verifying that hepatic

) ) ) lipotoxicity trended to be more severe in AKO mice. Taken
the AKO mice fed the chow diet (Supplementary Figure 4A)together, these results demonstrated that adipocyte ABIPK
The plasma levels of catecholamines, including epinephrie amp|ation induced hepatic lipid accumulation and eventually

norepinephrine, and irisin were unaltered between genotypegxacerbated the development of liver steatosis and even
(Table 1), which excludes the e ects of circulating hormones pyosis.

on energy metabolism of AKO mice. Overall, these data signify

that the impaired energy expenditure due to adipocyte ANMPK . .

ablation results in obesity and that adipocyte AMPK is impottan Chronic Treatment with the AMPK
for the regulation of whole-body energy homeostasis. Activator A-769662 Alleviated

. HFD-Induced Obesity, Glucose, and Lipid
Lack of Adipocyte AMPK a Promoted the Metabolic Disorders

Development of Liver Steatosis and AMPK activity has been reported to be reduced in both the
Fibrosis BAT and WAT of obese animal models(derman et al.,
As it was previously shown that deletion of adipocyte AMPK201(Q. Consistent with these reports, we also demonstrated
b1/b2 subunits induces hepatic lipid accumulation and liverthat mice with adipocyte AMPHK ablation were predisposed
insulin resistance Mottillo et al., 201§, we then examined to HFD-induced obesity. To assess the anti-obesity e cafy o
the e ect of loss of adipocyte AMP&Kon hepatic metabolism chronic AMPK activationin vivo, we investigated the e ect of

in our genotypes. H&E staining showed that hepatocytes ithe administration of A-769662, an AMPK allosteric activator,
AKO mice displayed more lipid accumulation with enlargedin chow- and HFD-fed mice. A-769662 (30 mg/kg/day) was
lipid droplets igures 5A,B, additionally evidenced by the administered q.d. for 6 weeks. During treatment, A-769682 d
increased liver content of TG and TC in HFD-fed AKO not aect food intake in either chow-fed or HFD-fed mice
mice (igures5D,B. Sirus Red staining indicated that liver (Figure 6B). In chow-fed mice, body weight gain was generally
brosis area was augmented in AKO mice fed with a chowunchanged by A-769662 treatment. Meanwhile, in HFD-fed
diet or HFD (Figures 5A,Q and liver hydroxyproline (main mice, body weight gain was signi cantly decreased (by 49%)
component of collagen) level was signi cantly increased f\CH  during the 6 weeks of A-769662 treatmerfigure 6A). A-

fed AKO mice Figure 55, suggesting appearance of sever&69662 did not alter WAT or liver weight in chow-fed mice,
brosis in the liver of HFD-fed AKO mice. In addition, the but in HFD-fed mice, the weight of the liver, IWAT and pWAT
expression levels of lipogenesis-related genes, such asgluovas reduced by 15, 23, and 13%, respectively, but the eWAT
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FIGURE 3 | Lack of adipocyte AMPKa increased adipocyte size in inguinal white adipose tissu€A) Representative H&E stained images of IWAT, eWAT, and BAT in
AKO mice and age-matched oxed littermates fed a chow diet (I&) or a HFD (right). Scale bab 100 mm. (B-D) Average adipocyte area in iWATB) and eWAT (C)
and average lipid droplet area in the BATD) in AKO mice and oxed littermates fed a chow diet or a HFD. Data @ presented as the means SEM.n D 5-7.
Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the corresponding Flox group.

weight was unchangedrigure 6C). Accordingly, the content of treatment {Table 2. However, in HFD-fed mice, the plasma
TG and TC in liver were signi cantly decreased by A-769664evels of TG, TC and low-density lipoprotein cholesterol (l-DL
treatment in HFD-fed mice Kigures 6D,B. The fasting blood C) were decreased by 27, 36, and 27%ble 2, respectively.
glucose level was not a ected by A-769662 treatment in chowin addition, the insulin and leptin levels were also decreased
fed mice or HFD-fed miceKigure 6F. Nevertheless, A-769662 by 41 and 56% Table 2, respectively. Together, these results
improved glucose tolerance in HFD-fed mice, as evidenced kyevealed that A-769662 had anti-obesity and anti-hyperépiit

the approximately 12% decrease in the AUElglres 6G,H, e ects, and this agonist improved glucose tolerance in HFD-
while had no e ect on chow-fed mice. Insulin tolerance testfed mice but not in chow-fed mice, indicating that chronic
showed that A-769662 treatment did not improve insulin AMPK activation might be specically e ective in the obese
sensitivity in HFD-fed miceKigures 61,J. In chow-fed mice, the mouse model and have negligible adverse e ects in normal lean
plasma parameters were not signi cantly changed by A-76966@ice.
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FIGURE 4 | Deletion of adipocyte AMPKa reduced basal andb3-adrenergic-activated energy expenditure in chow- and HB-fed mice. (A—D) Metabolic cage
analyses of 40-week-old AKO and oxed mice fed a chow or a HFD wee performed. (A) The O, consumption of chow-fed mice during a 12-h light-dark cycleand
(Continued)
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FIGURE 4 | after an injection of CL 312,643 (1 mg/kg) (left). Average basand CL 312,643-stimulated Q> consumption of chow-fed mice (right).(B) The energy
expenditure (EE) of chow-fed mice during a 12-h light-darkycle and after an injection of CL 312,643 (1 mg/kg) (left). Avage basal and CL 312,643-stimulated EE of
chow-fed mice (right).(C) The O, consumption of HFD-fed mice during a 12-h light-dark cycle ad after an injection of CL 312,643 (1 mg/kg) (left). Averagedsal and
CL 312,643-stimulated VO, consumption of HFD-fed mice (right)(D)The EE of HFD-fed mice during a 12-h light-dark cycle and aftean injection of CL 312,643 (1
mg/kg) (left). Average basal and CL 312,643-stimulated EE ¢i{FD-fed mice (right). Data are presented as the means SEM. n D 8. Studentss t-test. *P < 0.05,

**P < 0.01, **P < 0.001 compared with the corresponding Flox group.

A-769662 Promoted Energy Expenditure in the adipocyte area and expression of thermogenesis-relates ge
HED-Fed Mice in the eWAT were unaltered Fjgures 8A,C Supplementary

After observing the anti-obesity e ects of A-769662 on HF&+f Figure 6B). After observing an increase in the expression
mice, we further investigated the e ect of A-769662 treatinenOf thermogenic genes in iWAT, we further investigated the
on whole-body energy expenditure of HFD-fed mice at 4thexpression levels of thermogenic proteins. We found that the
week of treatment by using indirect calorimetry. The lastProtein levels of UCP-1 and PGGalwere markedly increased
administration was given 4 h before the experiment. The atémain IWAT (Figures 8G,H. Simultaneously, AMPK  signaling in
were monitored for @ consumption, EE and locomotor activity IWAT was activated by A-769662 treatment, as evidenced by
for 24h. A-769662 increased the total and dark-phase othe increased phosphorylation of AMRKand its downstream
consumption and EE in HFD-fed mice={gures 7A,B, but did ~ Substrate ACC Rigures 8G,H, which suggests that chronic
not induce any signi cant changes in RER or locomotor acgivit AMPK activation by A-769662 induced iWAT browning in diet-
(Supplementary Figures 5A,B). Additionally, A-769662eela induced obese mice. Taken together, these results inditaité-
group exhibited a higher body temperature during the 120769662 speci cally promote browning in the iWAT of HFD-fed
200 min after cold exposure at@ (Figure 7C), suggesting that Mice.

A-769662 protected against hypothermia via enhanced adaptive

thermogenesis. Meanwhile, the @nsumption and EE of chow- - . .

fed mice were unchanged by A-769662 treatment (data nd?‘,'769662 Facilitated T_hermogeneSB In
shown). These results suggest that the anti-obesity e écts o Vitro through AMPK Signaling Pathway

769662 on HFD-fed mice might be due to increased energy© explore the e ect of A-769662-induced AMPK activation on
expenditure. di erentiated adipocytes in a cell-autonomous manner, SVFscell

from IWAT were induced to di erentiate into beige adipocytes

. . . and were treated with DMSO or A-769662 at the indicated
A-769662 Induced Browning Signature in concentration on day 7. The expression of thermogenesisettla
the IWAT of HFD-Fed Mice genes, such ddcpl, Cideg Cox8l Cox7aland Ppargclawas
Brown and beige fat specialize in energy expenditure throughkigni cantly increased by A-769662 treatment in a concatitm-
thermogenesisHarms and Seale, 20)L3ince we observed an dependent manner Kigure 9A). Importantly, similar to the
increase in EE and resistance to cold exposure following An vivo results, the expression of thermogenic protein UCP1
769662 treatment in HFD-fed mice, we further investigatedand of PGC-& was also remarkably increased in di erentiated
the cellular and molecular mechanism of A-769662-inducedWAT-SVF cells, which was concomitant with the activation
thermogenesii vivo. The weight Figure 6C) and histological of AMPK signaling by A-769662 treatmenfigures 9B,Q. In
morphology Eigures 8A,D of BAT and the expression of addition, the basal and uncouplecb©@onsumption rates (OCRS)
thermogenesis-related genes in the BAT (Supplementary &iguwere both up-regulated by A-769662 treatment in di erenthte
6A) were all unchanged by A-769662 treatment. In accordand®VAT-SVF cells Figure 9D). To con rm whether the e ect
with the reduced iWAT weight induced by A-769662 treatment,of A-769662 on promoting thermogenesis was dependent on
the adipocyte area in iIWAT was reduced by approximately 57°%AMPK activation, primary SVF cells isolated from iWAT of the
(Figures 8A,B. And mitochondria content in iWAT, but not in  oxed mice were induced to di erentiate into beige adipocytes
eWAT or BAT, was elevated by A-769662 treatmdtigg(re 86),  followed by adding Cre lentivirus at day 6 of di erentiation to
suggesting that AMPK activation enhanced mitochondriaknockdown AMPKa expression, and were then treated with A-
biogenesis in iIWAT. Moreover, the mRNA levels of the BAT-769662 at indicated concentration on day 8. As a result, the
speci ¢ marker Ucpl and other thermogenesis-related genesexpression of genes encoding AM&Kand AMPKa2 (Prkaal
including Cideg Cox8h Cox7al,and Ppargclain iWAT were and Prkaa2 respectively) and total AMPKin iWAT-SVF cells
signi cantly up-regulated by A-769662 treatment, and mo§t o were signi cantly reduced and the activation of AMPK signglin
the brown-selective markers, such @plah Fbxo31l Acot2 by A-769662 was successfully blocked after Cre lentivirus
Hspb7,and Slc29al(Wu et al., 201}, were also increased infection (Figures 9E—G. Importantly, A-769662 treatment up-
(Figure 8F), indicating a genetic conversion of IWAT into beige regulated the expression of thermogenesis maildepl and
adipose induced by A-769662. We also detected the expressiBpargcland their encoding products, which were remarkably
of the general adipogenic marke&P2 and it was una ected blunted after AMPIKa knockdown EFigures 9E—-G, suggesting
by treatment Figure 8F, implying that A-769662 may have no that AMPK activation was required for A-769662-facilitated
impact on the di erentiation of inguinal adipocytes. However, thermogenesis. These data indicate that A-769662 promotes
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FIGURE 5 | Adipocyte AMPK de ciency promoted the development of liver geatosis and brosis. (A) Representative H&E stained (top) and Sirius red stained
(bottom) images of liver in AKO mice and age-matched oxed liermates fed with a chow diet (left) or a HFD (right). Scale b® 100 mm. (B) Average lipid droplet area
per cell in liver in AKO mice and oxed littermates fed with a abw diet or a HFD. (C) Fibrosis area in liver were evaluated in chow- or HFD-fed AK@ice and oxed
littermates. (D,E) Liver TG(D) and TC ) levels in chow- or HFD-fed AKO mice and oxed littermates(F) Liver hydroxyproline level in chow- or HFD-fed AKO mice
and oxed littermates. (G,H) The relative mRNA levels of lipogenesis geng§) and brosis-related genes (H) in the liver of in chow- or HFD-fed AKO mice and oxed
littermates were analyzed by quantitative RT-PCR (normadid to Actb). n D 8-9. (I) Absolute liver weight in chow- or HFD-fed AKO mice and oxed tiermates. (J)
The expression levels of AKT, p-AKT (S473), IR, p-IR (Y1162)tire liver of HFD-fed AKO mice and oxed littermates were detenined by western blot analysis. i{,L)
Relative phosphorylation levels of AKT and IR were determidéy densitometric quanti cation of the immunoblots shown in(J). n D 3. (M,N) Plasma ALT and AST
levels in chow- or HFD-fed AKO mice and oxed littermates. Dat are presented as the means SEM. Studentst-test. *P < 0.05, **P < 0.01, ***P < 0.001

compared with the corresponding Flox group.
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FIGURE 6 | Chronic AMPK activation by A-769662 protected against HFOnduced obesity and dysregulated glucose metabolisn{A) Body weight (left) and average
body weight gain (right) of chow- and HFD-fed mice during thé-week treatment period. (B) Average food intake of chow- and HFD-fed mice during the 6-wek
treatment period. (C) Absolute weights of the liver, IWAT, e WAT, pWAT and BAT of clae and HFD-fed mice after 6-week treatment.(D,E) Liver TG(D) and TC E)
levels of chow- and HFD-fed mice after 6-week treatment(F) Fasting blood glucose was measured during the 4th week of tr@tment. (G,H) Intraperitoneal glucose
tolerance tests of chow- and HFD-fed mice were conducted at veek 4 of treatment(G). The AUC from 0 to 120 min was calculatedH). (1,J) Insulin tolerance test of
chow- and HFD-fed mice were conducted at week 5 of treatment(l). The AUC from 0 to 120 min was calculatedJ). Chow-Veh: mice fed a chow diet and treated
with vehicle, Chow-A-769662: mice fed a chow diet and treatel with A-769662, HFD-Veh: mice fed a HFD and treated with vehle, HFD-A-769662: mice fed a HFD
and treated with A-769662. Data are presented as the means SEM.n D 5-9. Students t-test. *P < 0.05, **P < 0.01 compared with the indicated control group.
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TABLE 2 | Chronic effects of A-769662 on plasma metabolic variablesni to the up-regulated activity of the other subunizguwens et al.,

chow-fed mice and HFD-fed mice. 2011, we generated AKO mice by crossing Adiponectin-Cre

Parameters ~ Chow-Veh Chow-A-769662 HFD-Veh HFD-A-769662 mice with AMPK al/a2-foxed mice in order to investigate
the metabolic role of adipocyte AMRK The Adiponectin-

TC (mM) 358 037 364 047 804 052 512 056 driven Cre recombinase is supposed to be expressed at the

LDL-C(mM) 066 0.08 057 003 166 011 121 016*  beginning during the early stage of BAT developme@blien
HDL-C (mM)  0.44 0.04 0.45 0.07 058 0.04 054 0.07 et al., 201}t When fed a chow diet, AKO mice started to gain
LDL-C/HDL-C  1.47 0.08  1.29 024 309 037 270 0.45 more weight than age-matched oxed littermates at 29 weeks
TG (mM) 0.50 0.04 0.53 0.06 046 002 034 o003+ of age, however, when fed a HFD, this di erence occurred, at
NEFA (mEg/L) 0.62 0.06  0.64 0.09 052 005 045 0.03 25 weeks of age, indicating that the loss of adipocyte ABIPK
Insulin (ng/ml) ~ 1.51 0.13 1.67 0.04 464 079 274 032¢  accelerates the development of obesity in response to a HFD.
Leptin (ng/ml)  1.99 056  2.10 033 6842 7.07 3031 505+ These phenotypes were analogous to the inducible mouse
Irisin (ng/ml)  108.85 6.21 10252 4.06 109.04 328 10659 440  model with adipocyte AMPKbl/b2 deletion (b1b2AKO) after
8 weeks of age previously reported biottillo et al. (2016)
Values are expressed as the means SEM. nD 6-10. Student’s t-test. *p < 0.05, *p < The blb2AKO mice had defects not only in the browning of
0.01,*p < 0.001 compared with the corresponding vehicle group. WAT but also in BAT-mediated thermogenesis due to impaired
mitochondrial integrity and function but not mitochondrla
biogenesis. Intriguingly, we observed that there were mdy o
defects in mitochondrial structure but also reduced totahher
of mitochondria in iIWAT and BAT of AKO mice. However, the
thermogenic capacity of BAT from the AKO mice in our study
DISCUSSION was normal compared with that of the oxed mice, suggesting
that AMPK might play di erent roles in BAT function at di erent
Since obesity has become a global health problem and e orsges and that the una ected thermogenesis of BAT in AKO
to reduce energy intake show either limited e ectivenessnice might be remedied through an unknown mechanism. In
or unacceptable side e ectslgmes et al., 20),0therapeutic addition, both hepatic steatosis and brosis were developed i
strategies aimed at increasing EE are an attractive appreach HFD-fed AKO mice, which is more severe than thatiibh2AKO
combatting obesity Tam et al., 2012 Approaches attempting mice. This may be attributed to AMPK deletion at earlier stage
to enhance the thermogenic activity of brown and beige faand longer period of HFD challenge in AKO mice compared
may be bene cial for obesity therapy because the activity db that of b1b2AKO mice (Mottillo et al., 2019§. It is well-
brown and beige fat have been shown to be inversely cortelat@stablished that adipose tissue-liver crosstalk plays brolain
with BMI and fat mass and positively related to EE in humangegulating systemic glucose and lipid metabolisate(n et al.,
(Saito et al., 2009; van Marken Lichtenbelt et al., 20R8duced 2016¢. Adiponectin ameliorates liver ectopic lipid accumulation
adipose tissue AMPK activity is generally observed in maniy inhibiting hepatic lipogenesis and enhancimgxidation. The
obese and diabetic animal models as well as in obese humgpiasma level of adiponectin was reduced in chow- and HFD-
with insulin resistanceYu et al., 2004; Ruderman et al., 2010fed AKO mice, which may intensify the development of hepatic
Gauthier etal., 2011; Xu et al., 201Phe physiological relevance steatosis and even brosis. Accumulative evidence havensho
of lowered AMPK activity in adipose tissue to whole-bodythat leptin plays a crucial role in the development of liver Isie
adiposity remains ambiguous. Here, we found that ablation ofMarra, 200). The plasma level of leptin increased along with
adipocyte AMPHK impaired adaptive thermogenesis and EE inincreased fat mass in AKO mice, which partially explains the
response to cold exposure d@3-adrenergic stimulation, and aggravating progression of liver brosis in AKO mice. Beside
predisposed HFD-fed mice to obesity, glucose intolerance armhother study reported by Sun-Jooegal.showed that adipose
insulin resistance. Importantly, the lack of adipocyte AMPK tissue-speci c AMPKal/a2 KO mice using Adiponectin-Cre
selectively blunted cold-induced thermogenic protein egpien  or aP2-Cre model displayed a lean phenotype due to enhanced
in iIWAT, resulting in reduced energy utilization and inciad  lipolysis in adipose tissue{(m et al., 201} The Adiponectin-
adipocyte size, indicating that adipocyte AM®Ks required Cre model is known to have better e ciency and speci city
for browning in iWAT. In contrast, A-769662-induced direct for adipocytes than the aP2-Cre modék(ery et al., 201¢ so
AMPK activation promoted browning in iWAT, which may Adiponectin-Cre model is more suitable for the study of adipose
contribute to the reduced adiposity and improved glucose andissue. After comparing the phenotypes of the adiponectin-triv
lipid metabolism observed in A-769662-treated HFD-fed miceAMPK al/a2 KO mice used in our study and that by Sun-Joong
In summary, these ndings indicate that reduced AMPK acijvit et al., several di erence were found. The adiponectin-driven
in adipose tissue might be an important pathogenic factor inAMPK al/a2 KO mice in their study started to gain less body
obesity and the related metabolic syndrome, and the chroniweight and fat mass at 10 weeks of age, while the body weights of
activation of AMPK by A-769662 protects from HFD-induced our mice showed no signi cant change between genotypes, and
adiposity and metabolic dysfunction. the fat mass was not determined at that time poiRigure 2A).
Since both catalytic subunits AMPI1 and a2 exist in In addition, the body weight change in adiponectin-driven
adipose tissue and the deletion of a single subunit often leadsMPK al/a2 KO mice after 12 weeks of age was not shown,

thermogenesim vitro via AMPK signaling pathway, which may
contribute to A-769662-induced browning in iWAIR vivo.
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FIGURE 7 | A-769662 promoted energy expenditure and cold tolerance irHFD-fed mice. (A,B) During the 4th week of chronic administration, indirect carimetry
was used to investigate the energy metabolism of HFD-fed me& Mice were dosed with vehicle or A-769662 (30 mg/kg) and theracclimated to the chamber for 12 h.
Change of O, consumption (A left), EE B left) during the indicated periods and average @ consumption (A right), EE B right) during the whole period of
measurement were assessedn D 8. (C) Change in body temperature of HFD-fed mice after cold expose at 4 C. n D 11-12. Data are presented as the means
SEM. Student'st-test. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the indicated control group.

and the long-term e ects of adipocyte AMPK deletion on whole-One possible reason for the di erences in the phenotypes of their
body metabolism remained unknown in their study. However,study and ours might be that the mice used in the experiments
despite unaltered body weight, defective adaptive thermegjen were at di erent ages.

and cold tolerance were observed in the AKO mice in our study AMPK signaling is indirectly activated by catecholamine
at 8 weeks of age, which may lead to reduced EE and accumulatsgtretion in response to cold ob-adrenergic stimulation
adiposity during aging and in response to the HFD challenge(Gauthier et al., 2008 We also showed that the sensitivity of
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FIGURE 8 | A-769662 induced browning in the inguinal WAT of HFD-fed mie. (A) Representative H&E-stained images of the iWAT, e WAT and BAF HFD-fed mice.
Scale barD 100 mm. (B-D) Average adipocyte area in the iWATB) and eWAT (C) and average lipid droplet area in the BATD) of HFD-fed mice.n D 4-6. (E)
(Continued)
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FIGURE 8 | Mitochondrial DNA copy number of iWAT, eWAT, and BAT in HFEd mice. (F) Relative mRNA levels of thermogenic genes and brown-seleige genes in
the iIWAT of HFD-fed mice after 6 weeks of treatment D 6-8. (G) Western blot analysis of UCP1, AMPHK, p-AMPKa (T172), ACC, and p-ACC (S79) expression
levels in the iIWAT of HFD-fed mice after 6 weeks of treatmeni-actin was used as a loading control.(H) Relative protein expression level of UCP1 and the relative
phosphorylation levels of AMPI& and ACC were determined by densitometric quanti cation of tie immunoblots shown in(G). n D 4. Data are presented as the
means SEM. Student'st-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the indicated control group.

AMPK activation and UCP1 expression in di erent fat depots predominant role in the A-769662-induced enhancement of EE
were diverse, with iIWAT being the most responsive to colcand adaptive thermogenesis. Skeletal muscle, as a large organ
exposure, and eWAT and BAT being less responsive to the colthd major site of facultative thermogenesis, also contribtbe
stimulation (Figure 1Aand Supplementary Figure 1A). Ablation EE @urlo et al., 199)) but the gene expression Bpargclaan
of adipocyte AMPH specially impaired mitochondria quality AMPK downstream substrate and key regulator of mitochonidria
control and biogenesis in iIWAT and BAT but not in eWAT biogenesis and oxidative phosphorylation (OXPHOS8)afy,
(Figures 1J-Mand Supplementary Figure 1M). Accordingly, 2009, was not changed by A-769662 in the skeletal muscle
the adipocyte size in the iIWAT and BAT of AKO mice wasof HFD-fed mice (Supplementary Figure 8). Meanwhile, the
increased while that in eWAT were unchangétgures 3A-D. mRNA levels oPpargcland other thermogenic genes, and the
Nonetheless, the expression of the thermogenesis-relatteipr protein level of UCP1 were increased by A-769662 in iWAT; in
was markedly reduced in iIWAT but not in BAT of AKO mice. contrast, the expression levels of cold-induced UCP1 and PGC-
In addition, chronic AMPK activation by A-769662 treatment 1la protein were remarkably reduced in iIWAT with adipocyte
selectively promoted browning in the iWAT of HFD-fed mice AMPK deletion. Therefore, it is possible that the A-769662-
but not in eWAT or BAT (Figures 8A-H and Supplementary induced improvement of metabolic disorders in obese mice is at
Figures 6A,B). Our observations are in line with previoudeast partly due to increased EE through the browning of iWAT.
reports that eWAT is more “resistant” to browning than iWAT  There are also studies suggesting that long-term AICAR
fat depots, while iIWAT has greater plasticity and ability totreatment promotes energy dissipation in chow-fed rat models
modulate metabolic function upon stimulation, as evidenbgd (Gaidhu et al., 2009, 20)Land improves glucose homeostasis
the up-regulation of brown-selective marker genes in responsand insulin resistance in diabetic mouse mod@&si(l et al., 2002;
to cold or b-adrenergic stimulationHartelt and Heeren, 20)4  Song et al., 2002AICAR treatment also had an inhibitory e ect
Despite the unique structural and molecular characterssté  on food consumption in these chronic studies. In our studytwit
di erent fat depots that cause these depot-speci c di erenceslong-term A-769662 treatment, the chow-fed mice exhibited
our ndings suggest that the high sensitivity of AMPK actiiat e ect on food intake, EE or fat metabolism, which may be due
in IWAT may contribute to its plasticity in adaptation to vaiis  to variations in species, treatment duration, dosage aretinpn
environmental and hormonal cues. frequency in di erent animal models. Actually, it was reported
A previous study reported that the improvement in blood that no detectable distribution of A-769662 into the braif o
glucose level from A-769662 treatment was mainly due teb/obmice (1h after a single injection at a dose of 30 mg/kg;
targeting liver tissue, and A-769662 treatment reduceddfooCool et al., 2006 which suggests that the absence of e ect of A-
intake in a 14-day study witbb/obmice (Fullerton et al., 2003 769662 on food intake may be owing to no exposure of A-769662
Inthis study, we also observed that A-769662 amelioratecbgle  into the brain. Although AICAR and A-769662 are both AMPK
and lipid disorders in HFD-fed miceHigure 6 and Table 2.  activators, they have dierent mechanisms. AICAR activates
However, in our model, food consumption was unchangedAMPK by being taken up into cells and converted into an
during the 6 weeks of study, ruling out the disturbance ofAMP mimetic, ZMP {Hardie, 201). Similar to AMP, A-769662
energy intake di erences in the anti-obesity e ect of A-76266 allosterically activates AMPK and inhibits the dephosphdrgta
Besides liver, WAT is another target tissue of A-769662, aif AMPK (Thr-172). However, AMPK activation by A-769662
evidenced by the tissue weight, morphology, related geris exclusively dependent on the existence of glycogen binding
expression and UCP-1 protein level. Moreover, there was domain within thebl subunit, but not theg subunit to which
considerable amount of A-769662 distribution in the adiposeAMP binding (Sanders et al., 2007The absence of e ect on
tissue of HFD-fed mice (Supplementary Figure 7), suggestinganow-fed mice is also consistent with the study conducted by
direct e ect of A-769662 on adipose tissue. In this study, weCool et al. (2006)In our study, the pro-browning e ect of A-
observed that A-769662 treatment augmented whole-body EBE59662 only existed in the HFD-fed mice, and this may be owing
and enhanced adaptive thermogenesis in HFD-fed mice, an di erences in metabolism and energy status of HFD-fed and
these e ects were not driven by increased locomotor activitchow-fed mice. This result suggests that in mouse models, the
(Figures 7A,B and Supplementary Figure 5B). BAT activity anti-obesity e ect of chronic AMPK activation is more sensitive
plays a primary role in cold-induced adaptive thermogenesiand responsive in diet-induced obese mice.
and EE in rodents Tam et al., 2012 However, in our study, Beige adipocytes have been reported to arise from two
the mRNA levels of thermogenesis-related genes were not uplernative processesle novodi erentiation from progenitor
regulated by A-769662 in the BAT (Supplementary Figure 6AXkells and trans-di erentiation from white adipocyte®4rtelt
These results seem to rule out the possibility that BAT plays and Heeren, 2004 In general, the dierentiation of brown
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FIGURE 9 | A-769662 facilitated thermogenesis in differentiated iIWRSVF cells through AMPK signaling pathway{A-D) iWAT-SVF cells were induced to
differentiation toward brown-like adipocytes and were trated with the indicated compounds on day 7.(A) Relative mRNA levels of thermogenic genes in differentiate
(Continued)
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FIGURE 9 | iIWAT-SVF cells treated with the indicated compounds for 6 h @re analyzed by quantitative RT-PCRn D 4. (B) Western blot analysis of UCP1, PGC-&,
p-AMPKa (T172), AMPKa, p-ACC (S79), and ACC expression levels in differentiatediAT-SVF cells treated with indicated compounds on day 7 for 2h. (C) Relative
protein expression levels of UCP1 and PGC-4 and the relative phosphorylation levels of AMP&and ACC were determined by densitometric quanti cation of tle
immunoblots shown in 8). nD 3. (D) Basal and uncoupled oxygen consumption rate (OCR) of diffentiated iIWAT-SVF cells treated with NE (1@M) for 3 h or with
DMSO or A-769662 at different concentrations on day 7 for 12 hn D 4. (E-G)iWAT-SVF cells were isolated from iWAT of 5-week-old AMPK1/a2- oxed mice and
induced to differentiate toward beige adipocytes. Cells wee infected with NC and Cre lentivirus on day 6 to knockdown ANKa expression and were treated with the
indicated compounds on day 8. (E) Relative mRNA levels of the indicated genes in differented iWAT-SVF cells treated with the indicated compounds for & on day
8 were analyzed by quantitative RT-PCRn D 4. (F) Western blot analysis of UCP1, PGC-&, p-AMPKa (T172), AMPKa, p-ACC (S79), and ACC expression levels in
differentiated iIWAT-SVF cells treated with indicated congunds on day 8 for 24 h. (G) Relative protein expression levels of UCP1 and PGCaland the relative
phosphorylation levels of AMPI& and ACC were determined by densitometric quanti cation of tie immunoblots shown in(F). n D 3. Data are presented as the means

SEM. One-way ANOVA. P < 0.05, **P < 0.01, **P < 0.001 compared with the indicated DMSO group;# P < 0.05, ## P < 0.01,# P < 0.001 compared
with the indicated NC group.

adipocytes shares most of the transcriptional regulationwais  stimulation, leading to a predisposition for HFD-induced
with beige adipocytesr{agaki et al., 2006 Some studies have obesity and metabolic dysfunction. Moreover, pharmacolkalgic
reported that AMPK plays a positive role in brown adipocytechronic AMPK activation by A-769662 alleviated diet-inddce
di erentiation and brown fat development in murine cell lines obesity via promoting browning in inguinal WAT. Overall, our
and animal models\(ila-Bedmar et al., 20)0AMPK activation  ndings indicate that AMPK plays a vital role in modulating
by AICAR treatment in human adipose-derived mesenchymaWAT browning in response to thermal, nutritional and
stem cells (hRADMSCs) from pericardial adipose tissue is redortepharmacological cues, supporting chronic AMPK activation as
to induce a morphological change similar to beige adipocytes potentially e ective approach for the treatment of obesity and
but without an actual change of metabolic functioAlbdul-  related metabolic diseases through increasing thermaigne
Rahman et al., 20)6The restricted e ect of AICAR on inducing

beige adipogenesis might due to the dierences in species AUTHOR CONTRIBUTIONS

original depots of cells and basal activity/expression lefel

AMPK or the intrinsic specicity of AICAR. However, the LW, LZ, and BL contributed to study design, data analyzing,
indirect activation of AMPK by berberine has been demonstlat discussion and preparation of the manuscript. LW, LZ, BL, HJ,
to promote WAT browning by enhancing thermogenesis inYD, ZX, and LS contributed to conducting the experiments. JYL
mature beige adipocytes via the AMPK-PGEghathway Zhang  and JL contributed to study design, discussion, reviewing an
et al., 201t Similarly, direct AMPK activation by A-769662 editing the manuscript.

did not induce the di erentiation of iIWAT-SVF cells toward

beige adipocytes vitro (data not shown) and had no e ecton FUNDING

the expression of the adipogenic marla®2in iWAT in vivo

(Figure 8F. Alternatively, A-769662 enhanced thermogenesisrhis work was supported by a grant from National Key
in di erentiated iIWAT-SVF cells, as detected by the increhase Research and Development (2016YFC1305500), the National
expression of thermogenic genes and proteins and the UmNatural Science Foundation of China (81673493, 81673489),
regulated Q@ consumption, which is directly reliant on the the Shanghai Commission of Science and Technology
activation of AMPK signaling Kigures 9A-Q. Moreover, we (14431902800,16JC1405000, 16430711700).

further determined the plasma level of irisin, which has been

reported to stimulate the browning of WAT through specic ACKNOWLEDGMENTS

actions on the beige preadipocyte populatidegng et al., 2008

the plasma irisin level was not a ected by A-769662 treatmenfve thank Dr. Jigiu Wang from Ruijin Hospital, Shanghai
(Table 3, and theFndc5mRNA level in skeletal muscle was alsoJiaotong University School of Medicine, for discussion and the

in uenced (Supplementary Figure 8). These results indicaté t guidance for SVFs isolation and di erentiation.
the browning of WAT in HFD-fed mice by A-769662 is not due to

the direct modulation of SVF cell di erentiation, but may de¢e  SUPPLEMENTARY MATERIAL
from direct trans-di erentiation of mature adipocytes in iWA

In summary, our results demonstrated that the ablationThe Supplementary Material for this article can be found
of adipocyte AMPla impairs adaptive thermogenesis andonline at: https://www.frontiersin.org/articles/10.38gphys.
energy expenditure in response to cold ardadrenergic 2018.00122/full#supplementary-material
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