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Synopsis  
The effects of small-molecule AMP-activated protein kinase (AMPK) activators in rat 
epididymal adipocytes were compared. SC4 was the most effective and submaximal 
doses of SC4 and 5-amino-4-imidazolecarboxamide (AICA) riboside were combined 
to study effects of AMPK activation in white adipose tissue (WAT). Incubation of rat 
adipocytes with SC4 + AICA riboside inhibited noradrenaline-induced lipolysis and 
decreased hormone-sensitive lipase (HSL) Ser563 phosphorylation, without affecting 
HSL Ser565 phosphorylation. Preincubation of fat pads from wild-type (WT) mice 
with SC4 + AICA riboside inhibited insulin-stimulated lipogenesis from glucose or 
acetate and these effects were lost in AMPKα1 knockout (KO) mice, indicating 
AMPKα1 dependency. Moreover, in fat pads from acetyl-CoA carboxylase (ACC)1/2 
S79A/S212A double knockin versus WT mice, the effect of SC4 + AICA riboside to 
inhibit insulin-stimulated lipogenesis from acetate was lost, pinpointing ACC as the 
main AMPK target. Treatment with SC4 + AICA riboside decreased insulin-
stimulated glucose uptake, an effect that was still observed in fat pads from AMPKα1 
KO versus WT mice, suggesting the effect was partly AMPKα1-independent. SC4 + 
AICA riboside treatment had no effect on the insulin-induced increase in palmitate 
esterification nor on sn-glycerol-3-phosphate-O-acyltransferase activity. Therefore in 
WAT, AMPK activation inhibits noradrenaline-induced lipolysis and suppresses 
insulin-stimulated lipogenesis primarily by inactivating ACC and by inhibiting glucose 
uptake. 
 
Key words: AMPK; de novo lipogenesis; glucose transport; ACC; ACL; GPAT; 
TBC1D4 
 
Abbreviations used: ACC, acetyl-CoA carboxylase; ACL, ATP-citrate lyase; AMPK, 
AMP-activated protein kinase; ATGL, adipose triglyceride lipase; GPAT, sn-glycerol-
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3-phosphate-O-acyltransferase; HSL, hormone-sensitive lipase; PKB, protein kinase 
B; TBC1D4, Tre-2/BUB2/cdc 1 domain family 4. 
 
 
Introduction 
AMP-activated protein kinase (AMPK) is a highly conserved energy sensing 
eukaryotic protein kinase [1]. Once activated, AMPK switches on ATP-generating 
processes while simultaneously switching off energy consumption [1]. Canonical 
AMPK activation results from an increase in intracellular AMP:ATP ratio. 
Interestingly, physiological AMPK activation occurs in white adipose tissue (WAT) in 
response to stimulation by catecholamines [2] concomitant with an increase in 
AMP:ATP ratio as a result of the re-esterification of fatty acids released during 
lipolysis [3]. AMPK exists as heterotrimers comprising a catalytic α-subunit (α1 or α2) 
associated with regulatory β (β1 or β2) and γ (γ1, γ2 or γ3) subunits. In rat white 
adipocytes, AMPKα1-containing complexes have been reported to account for > 90 
% of total AMPK activity [2] and AMPKβ1 is predominant, whereas mouse and 
human adipocytes express approximately equal levels of AMPKβ1 and AMPKβ2 [4]. 
 The role of AMPK in metabolic control in liver and skeletal muscle has been 
studied extensively, but its roles in WAT are less well defined. Adult mice in which 
AMPK had been deleted in adipose tissue displayed increases in blood glucose and 
triglycerides [5], however the mechanisms mediating these effects are incompletely 
understood. AMPK activation has been proposed to be both pro- and anti-lipolytic or 
exert no effects [5,6]. AMPK activation was reported to be anti-lipolytic by 
phosphorylating hormone-sensitive lipase (HSL) [2,7,8]. However in human and rat 
adipocytes, AMPK activation by compound 991 (see below) did not inhibit the 
stimulation of lipolysis by isoproteranol [4]. On the other hand, AMPK was proposed 
to increase basal lipolysis via phosphorylation-induced activation of adipose 
triglyceride lipase (ATGL) [9]. Effects of AMPK activation on basal and insulin-
stimulated glucose uptake in WAT are also ambiguous [6] and effects of AICA 
riboside and A-769662 (see below) to inhibit glucose uptake were recently reported 
to be AMPK-independent [10]. In addition to controlling lipolysis and glucose uptake, 
AMPK activation in WAT inhibits lipid synthesis by phosphorylating and inactivating 
acetyl-CoA carboxylase (ACC) [8], its best-known substrate, but could also have 
other sites of control in triglyceride (TG) synthesis. For example in liver, AMPK was 
proposed to cause phosphorylation-induced inactivation of mitochondrial sn-glycerol-
3-phosphate-O-acyltransferase (GPAT) [11]. 
 One of the reasons for potential discrepancies around the role of AMPK in 
adipose tissue involves the use of promiscuous pharmacological agents. AICA 
riboside was the first small-molecule pharmacological AMPK activator. AICA riboside 
enters cells and is converted to the AMP analogue ZMP, which then activates AMPK 
[12]. However, AICA riboside is non-specific due to the fact that ZMP can modulate 
the activities of other AMP-sensitive enzymes. A-769662 was the first direct AMPK 
activator [13-15] and is specific for AMPKβ1-containing complexes [16]. Compound 
991 is also rather AMPKβ1-specific, at least in cell-free assays [17]. Both A-769662 
and 991 allosterically increase AMPK activity and inhibit AMPKα Thr172 
dephosphorylation. Other AMPKβ1-specific direct activators include PF-249, PF-
06409577 and salicylate [18]. At high doses, 991 also activated AMPKβ2-containing 
complexes in skeletal muscle associated with increased glucose uptake [19]. A-

769662 and 991 bind to a site located between the small lobe of the AMPK -subunit 

kinase domain and the AMPK -subunit CBM [17]. Since this site also binds 
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salicylate [20], the breakdown product of aspirin (acetyl salicylate), it has been called 
the “Allosteric Drug and Metabolite” or “ADaM” binding pocket [21]. Compounds SC4 
[22], PF-739 [23] and MK-8722 [24] are “pan-β” direct AMPK activators that have 
recently been developed. Another small-molecule pan-AMPK activator is O304, the 
first to be used in human clinical trials [25], but its precise mode of action is unclear. 
 In the present study, we compared the efficacy of a panel of small-molecule 
AMPK activators in incubated rat adipocytes. SC4 was shown to be the most 
effective AMPK activator. A combination of submaximal doses of SC4 + AICA 
riboside was then used in incubated rat adipocytes to examine effects of AMPK 
activation on noradrenaline-induced lipolysis and in incubated mouse epididymal fat 
pads to investigate effects of AMPK activation on insulin-stimulated lipogenesis, 
glucose uptake and fatty acid esterification. AMPK activation by SC4 + AICA riboside 
was found to inhibit noradrenaline-induced lipolysis, possibly by decreasing HSL 
Ser563 phosphorylation. Also, SC4 + AICA riboside treatment reduced insulin-
stimulated lipogenesis primarily by inactivating ACC and by inhibiting glucose uptake 
without affecting esterification.    
 
Materials and methods 
Materials 
Insulin (Actrapid) was from Novo Nordisk. AICA riboside was from Sigma. All 
commercial antibodies were produced in rabbit or mouse whereas the anti-PDH 
antibodies were raised in sheep. Anti-total glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH, MAB374; dilution 1:10000) antibody was from Merck-
Millipore. Anti-total ACC (#3676; dilution 1:2000), anti-phospho Ser79 ACC (#11818; 
dilution 1:40000), anti-total AMPKα (#2532; dilution 1:2000), anti-phospho Thr172 
AMPKα (#2535; dilution 1:2000), anti-total Raptor (#2280; dilution 1:2000), anti-
phospho Ser792 Raptor (#2083; dilution 1:2000), anti-phospho Ser563 HSL (#4139; 
dilution 1:2000), anti-phospho Ser565 HSL (#4137; dilution 1:2000), anti-phospho 
HSL Ser660 ACL (#4126; dilution 1:2000), anti-total HSL (#4107; dilution 1:4000), 
anti-total ATGL (#2138; dilution 1:2000), anti-phospho Ser455 ATP-citrate lyase 
(ACL) (#4331; dilution 1:2000), anti-total Tre-2/BUB2/cdc 1 domain family 4 
(TBC1D4, #2670; dilution 1:2000), anti-phospho Thr642 TBC1D4 (#8881; dilution 
1:1000), anti-total protein kinase B (PKB)/Akt (#9272; dilution 1:2000), anti-phospho 
Thr308 PKB (#4056; dilution 1:2000) and anti-phospho Ser473 PKB (#4058; dilution 
1:2000)  antibodies were from Cell Signalling Technologies. Anti-total ACL (ab40793; 
dilution 1:1000) and anti-phospho Ser406 ATGL (ab135093; dilution 1:2000) 

antibodies were from Abcam. Anti-total pyruvate dehydrogenase (PDH) E1 (dilution 

1:40000), anti-phospho Ser293 PDH E1 (dilution 1:40000) and anti-phospho 

Ser300 PDH E1 antibodies (dilution 1:40000) were kindly provided by Grahame 
Hardie (University of Dundee, UK). Compound 991 was kindly given by Kei 
Sakamoto (Nestlé, CH) and SC4 was kindly donated by Jonathan Oakhill (St. 
Vincent's Institute, University of Melbourne, AU). PF-739 and MK-8722 were 
purchased from Glixx Laboratories (Hopkinton, MA, USA). O304 (synthesized as 
HY112233 by MedChem Express) was from Bio-Connect (Te Huissen, Netherlands).  
[γ-32P] ATP, [U-14C] sodium acetate, [U-14C] glucose, [9,10-3H(N)] palmitate, [U-14C] 
2-deoxyglucose and [2-3H] glycerol were purchased from Perkin Elmer. Palmitic acid 
was neutralized with NaOH at 65 °C and then bound to defatted albumin by adding 
the hot solution to a stirred solution of concentrated albumin which was then diluted 
in Krebs-Ringer Bicarbonate buffer (KRB) to give a stock solution of 2.5 mM 
palmitate in 5 % (w/v) albumin. “AMARA” peptide (for AMPK assay) was kindly 
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synthesized by Dr. V. Stroobant (Ludwig Institute, Brussels). Other chemicals were 
of standard or analytical grade obtained from MP Biomedicals, Thermo Fisher 
Scientific, Sigma-Aldrich, or Merck. 
 
Animals 
All animal experiments were approved by the Université catholique de Louvain 
Brussels local ethics committee (reference numbers 2017/UCL/MD/016 and 
2021/UCL/MD/028) and conducted within the guidelines of the European Convention 
for the Protection of Vertebrate Animals used for Experimental and Other Scientific 
Purposes. Male Wistar rats (about 170 g of body weight) were obtained from the 

faculty animal house. ACC1/2 S79A/S212A double knockin (KI) mice [26], AMPK1 
knockout (KO) mice [27] and corresponding wild-type (WT) mice were maintained in 
the local animal house. All animals were maintained at a 12:12h light-dark cycle with 
free access to food and water and all animal experiments were carried out in the 
Protein Phosphorylation (PHOS) laboratory of the de Duve Institute, Université 
catholique de Louvain (UCLouvain), Brussels. Mice were anaesthetized by 
intraperitoneal injection of 20 mg/kg Rompun (xylazine) + 100 mg/kg Imalgene 
(ketamine). Rats were anaesthetized by intraperitoneal injection of 20 mg/kg 
Rompum (xylazine)+ 20 mg/kg Dolethal (sodium pentobarbital). After removal of 
adipose tissues, the animals were euthenised by cervical dislocation. 
 

Incubation of freshly isolated rat epididymal adipocytes and mouse epididymal 
fat pads 

Adipocytes were prepared from the epididymal fat pads of fed rats and incubated 
essentially as described [28]. Briefly, adipocytes were suspended in KRB containing 
1 % (w/v) defatted albumin at a cell density equivalent to 2/3 fat pad/ml. Aliquots of 
cell suspension (1 ml) were incubated for 30 min under an atmosphere of 95 % O2/5 
% CO2 in a final volume of 4 ml of KRB containing 1 % (w/v) defatted albumin, 5 mM 
glucose with AMPK activator compound dilutions (1000-fold from stocks in DMSO) to 
give the final concentrations indicated in the Figures. Control incubations contained 
0.1% (v/v) DMSO as vehicle. For incubations with noradrenaline, aliquots of cell 
suspension (1 ml) were incubated in a final volume of 4 ml of KRB containing 3 % 
(w/v) defatted albumin, 4 mU/ml adenosine deaminase, 5 mM glucose with or 
without 30 μM SC4 + 0.1 mM AICA riboside for 15 min at 37 °C. The cells were then 
incubated for a further 30 min with the indicated concentrations of noradrenaline. 
Following incubation, the cells were harvested by centrifugation (200 g x 20 s) and 
freeze-stopped. For incubations with noradrenaline, incubation media were retained 
for glycerol assay as a measure of lipolysis [28]. Medium glycerol concentrations are 
expressed relative to LDH activity to correct for differences in amounts of cells used 
in each experiment. Freeze-stopped cells were homogenized in 0.5 ml of "Hepes 
sucrose buffer" (0.25 M sucrose, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 5 mM 

sodium pyrophosphate, 5 mM -glycerol phosphate, 15 mM 2-mercaptoethanol, 20 
mM Hepes, pH 7.4, and protease inhibitor cocktail (Roche)) on ice using an Ultra-
Turrax tissue disintegrator. After centrifugation (20000 g x 5 min at 4°C, Eppendorf 
microfuge) the infranatants (full extracts) were removed and stored at -80°C prior to 
enzyme assay and immunoblotting. For cells incubated with noradrenaline with or 
without SC4 + AICA riboside, following homogenization/centrifugation, the 
infranatant was drawn off and the fat layer was removed from the tube and extracted 

by adding 200 l of sucrose buffer containing 1 % (w/v) Triton X-100 and 50 l of 5-
fold concentrated SDS-PAGE Laemmli sample buffer. After heating at 95°C for 5 min 
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and centrifugation (2000 g x 5 min at 20°C, Eppendorf microfuge), an aliquot (30 μl) 
of supernatant was subjected to SDS-PAGE for immunoblotting. 
 Mouse epididymal fat pads were minced into pieces and pre-incubated 
pairwise in 4 ml of KRB buffer containing 1 % (w/v) defatted albumin with 10 μM SC4 
+ 0.1 mM AICA riboside or DMSO and 5 mM glucose for 15 min and then incubated 
for 60 min with or without insulin (0.1 μM). Following incubation, the fat pad pieces 
were separated from incubation media by flotation, freeze-stopped and homogenized 
in 0.5 ml of Hepes sucrose buffer for enzyme assay and immunoblotting as 
described above. In some experiments rates of lipogenesis were measured in 
epididymal fat pads from WT or WT versus AMPKα1 KO or WT versus ACC1/2 
S79A/S212A double KI mice. The fat pads were harvested and weighed for 
normalization. The pads were then minced and pre-incubated pairwise in 4 ml of 
KRB buffer containing 1 % (w/v) defatted albumin and either 5 mM glucose, 5 mM 
glucose plus 5 mM sodium acetate or 5 mM glucose plus 0.5 mM palmitate with or 
without 10 μM SC4 + 0.1 mM AICA riboside.  After 15 min, [U-14C] glucose (20 
dpm/nmol), [U-14C] acetate (200 dpm/nmol) or [9,10-3H(N)] palmitate (200 dpm/nmol) 
was added, respectively, and incubation was continued with or without insulin (0.1 
μM). After 60 min, the fat pad pieces were collected by centrifugation (200 g x 20 s) 
and extracted with 1:2 (v/v) CHCl3:CH3OH for measurements of rates of 
lipogenesis/fatty acid esterification as described [29]. Epididymal fat pads from WT 
versus AMPKα1 KO mice were also weighed and preincubated with and without 10 
μM SC4 + 0.1 mM AICA riboside for 15 min followed by incubation for 60 min with or 
without insulin (0.1 μM). Subsequently, [U-14C] 2-deoxyglucose (200 dpm/nmol) and 
0.1 mM non-radioactive 2-deoxyglucose were added for measurements of rates of 
glucose uptake essentially as described [30]. Fat pads from WT and AMPKα1 KO 
mice were incubated with 10 μM SC4 + 0.1 mM AICA riboside or DMSO and 5 mM 
glucose for 15 min and then incubated for 30 min with or without insulin (0.1 μM) for 
extraction and adenine nucleotide measurements as described [31]. 
 
Enzyme assays and nucleotide measurements 
AMPK activity was measured following immunoprecipitation as described previously 
[19]. Briefly, full extracts from adipocytes or adipose tissue prepared in Hepes 

sucrose buffer (0.5 ml) were immunoprecipitated by mixing with anti-AMPK1 + anti-

AMPK2 antibodies (0.5 µg of each per sample) coupled to Protein G Sepharose 
beads (50 µl per sample in PBS 1:1 vol/vol slurry) with agitation overnight at 4°C. 

AMPK was assayed in a final volume of 50 µl containing 0.1 mM [-32P] ATP, 0.2 mM 
AMP and 200 μM AMARA peptide at 30°C. After 10 min, aliquots (5 μl) were taken 
and spotted onto P81 phosphocellulose papers for measurement of 32P-incorporation 
by scintillation counting. LDH in full extracts of adipocytes and epididymal fat pads 
was assayed spectrophotometrically as described [28]. Mouse or rat epididymal fat 
pad extracts (75 μl) were assayed for total GPAT activity in a final volume of 0.5 ml 
100 mM Hepes pH 7.4 containing 1.75 mg/ml defatted albumin, 1 mM dithiothreitol, 
50 μM palmitoyl-CoA, 0.5 mM [2-3H] sn-glycerol 3-phosphate (3000 dpm/nmol) at 30 
°C. Some assays also included 10 mM N-ethylmaleimide (NEM) for mitochondrial 
GPAT assay [28]. After 10 min, the reactions were stopped with 2 ml of water-
saturated butanol by vortexing. Butanol layers were washed for liquid scintillation 
counting as described [28]. GPAT activities are expressed relative to LDH activity to 
correct for differences in recovery and homogenization. For the preparation of [2-3H] 
sn-glycerol 3-phosphate, [2-3H] glycerol (0.5 mCi) in ethanol was vacuum dried for 
incubation in 1 ml of 100 mM Hepes pH 7.4 containing 1 mM non-radioactive 
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glycerol, 5 mM ATP.Mg and 5 Units of glycerol kinase overnight at 30 °C. After 
stopping with 0.5 ml 2 % (w/v) activated charcoal and centrifugation (5000 rpm x 3 
min, Eppendorf microfuge) the supernatant was applied to a 1 ml Pasteur pipette 
column of Dowex 1X8-200 (chloride form) which was then washed with water and 
eluted sequentially with 2x 1 ml of 50 mM NaCl, 100 mM NaCl, 150 mM NaCl, 200 
mM NaCl and 250 mM NaCl. Fractions containing radioactivity were stored frozen at 
-20 °C. 
 
Immunoblotting 
Equal volumes of sample (10-20 µl) were loaded into each well of polyacrylamide 
gels (7.5 % (w/v) for ACC and 12 % (w/v) for AMPK) for SDS-PAGE using separate 
gels for detection with anti-phospho- versus anti-total protein antibodies. Following 
SDS-PAGE and transfer, PVDF membranes were blocked in TBS-T buffer 
containing 5 % (w/v) non-fat dry milk in for 1 h. After washing with TBS-T (3 x 10 
min), the membranes were incubated with primary antibodies (diluted as indicated 
under "Materials") in TBS-T containing 3 % (w/v) bovine serum albumin overnight at 
4°C. The membranes were washed with TBS-T (3 x 10 min) and incubated with 
secondary antibodies (ab6789, ab6721, ab6900, Abcam) diluted 1:20000 or 1:50000 
at room temperature. After washing three times with TBS-T, immunoreactive bands 
were detected with Immobilon® classico western HRP substrate (Millipore) for 
quantification by chemiluminescence scanning densitometry using the Fusion Solo S 
(Vilber) imaging system. 
 
Other methods 
The data are presented as means ± S.E.M. Statistical analysis was assessed by a 
Student's t-test in the software package “GraphPad Prism 5” and P < 0.05 was 
considered to be significant. One unit of protein kinase represents the amount that 
catalyses the phosphorylation of 1 nmol of substrate under the assay conditions. 

Otherwise, 1 unit of enzyme is the amount that catalyses the formation of 1 mol of 
product under the conditions of the assay. 
 
Data availability 
All relevant data are contained within the main article and its supplementary files. 
 
 
Results 
Effects of small-molecule AMPK activators on AMPK activity along with 

AMPK, ACC and Raptor phosphorylation in rat adipocytes 
Effects of a panel of pharmacological AMPK activators in rat adipocytes incubated 

for 30 min were first compared by immunoprecipitating extracts with anti-AMPK1 + 

anti-AMPK2 antibodies to measure AMPK activity with the AMARA peptide as 
substrate in the presence of 0.2 mM AMP. Treatment with AICA riboside, 991 and 

O304 increased AMPK1 + AMPK2 activity, but incubation with 100 μM PF-739 
and MK-8722 was without effect (Figure 1A). SC4 was the most effective AMPK 

activator in rat adipocytes eliciting a ~2.5-fold increase in AMPK1 + AMPK2 
activity. AMPK activation measured in Figure 1A would be the result of increased 

AMPK Thr172 phosphorylation plus allosteric stimulation by AMP, thus 
representing an increase in total AMPK activity. Indeed in the intact cell, 

immunoblotting of extracts revealed significantly increased AMPK Thr172 
phosphorylation in response to incubation with the AMPK activators except O304 
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(Figure 1B). Small but significant increases in downstream ACC Ser79 
phosphorylation were observed in adipocytes incubated with AICA riboside, 991, 
SC4 and O304, as detected by immunoblotting, but basal ACC phosphorylation in 
the controls was high in spite of the fact that the animals had free access to food and 
were not starved (Figure 1C). Also, there were small but significant increases in 
downstream Raptor Ser792 phosphorylation in adipocytes incubated with all the 
AMPK activators except PF-739 (Figure 1D). In a separate series of experiments in 
which adipocytes were incubated with lower doses of PF-739 and MK-8722 (30 μM) 
along with the other activators at the same concentrations used in Figure 1, 

significant AMPK1 + AMPK2 activation was observed with all molecules and basal 
ACC phosphorylation was lower such that more pronounced effects of compound 
treatment to increase ACC phosphorylation were observed (Supplementary Figure 
S1). 
Since SC4 was the most effective AMPK activator in rat adipocytes, we examined 
effects of increasing concentrations of SC4 with and without a submaximal dose of 
AICA riboside (0.1 mM) on AMPK activity, as studied previously for combined effects 
of AICA riboside and 991 in skeletal muscle [32]. SC4 treatment dose-dependently 

increased AMPK activity and AMPK Thr172 phosphorylation, but again the 
increase in ACC Ser79 phosphorylation was modest (Figure 2). Incubation with 0.1 

mM AICA riboside alone did not increase AMPK1 + AMPK2 activity or AMPK 
Thr172 phosphorylation (Figure 2A,B). However, incubation with AICA riboside 

enhanced AMPK Thr172 phosphorylation by SC4 at concentrations above 1 M 

(Figure 2A,B) and at a concentration of 10 M SC4, AMPK1 + AMPK2 activity 

reached similar levels to those seen with 100 M SC4 alone (Figure 1A). Therefore, 
in subsequent experiments 0.1 mM AICA riboside was used in combination with 

submaximal doses of SC4 (10 M or 30 M) to achieve AMPK activation. 
 
SC4 + AICA riboside inhibits noradrenaline-stimulated lipolysis in rat 
adipocytes 
Incubation of rat adipocytes with noradrenaline in the presence of adenosine 
deaminase increased medium glycerol release as a measure of lipolysis dose-

dependently with an EC50 value of 0.20 ± 0.11 M (Fig. 3A). Preincubation with SC4 

+ AICA riboside inhibited lipolysis by ~40 % at 0.2 M noradrenaline and increased 

the EC50 for noradrenaline by 70 % to a value of 0.34 ± 0.12 M, P<0.05, paired t-
test  (Figure 3A). Following centrifugation of adipocyte extracts at 4°C, the fat layer, 
shown to contain triglyceride lipase activity and HSL protein [33], was removed and 
extracted for SDS-PAGE and immunoblotting (Figure 3B). AMPK activation by SC4 + 
AICA riboside was validated by immunoblotting the soluble fraction to verify that the 

treatment led to increased AMPK Thr172 and increased ACC Ser79 
phosphorylation which were also increased in incubations with noradrenaline (not 
shown). Incubation with noradrenaline dose-dependently increased HSL Ser563 and 
HSL Ser660 phosphorylation (Figure 3C,D). HSL Ser563 and Ser660 are sites 
phosphorylated by cyclic-3’,5’-AMP (cAMP)-dependent protein kinase (PKA). 
Interestingly, incubation with SC4 + AICA riboside significantly reduced 

noradrenaline-induced HSL Ser563 phosphorylation up to a concentration of 0.3 M 
noradrenaline without affecting the increase in HSL Ser660 phosphorylation induced 
by noradrenaline (Fig. 3C,D). Increasing concentrations of noradrenaline had no 
effect on HSL Ser565 phosphorylation (AMPK site) either in the absence or in the 
presence of SC4 + AICA riboside (Fig. 3E). Incubation with noradrenaline dose-
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dependently increased ATGL Ser406 phosphorylation (Fig. 3F). Furthermore, 
incubation with SC4 + AICA riboside increased basal ATGL Ser406 that further 
increased in the presence of maximal doses of noradrenaline (Fig. 3F). 
 
SC4 + AICA riboside inhibits insulin-stimulated lipogenesis from glucose and 
acetate in mouse fat pads 
Mouse fat pads from WT mice were incubated pairwise with and without insulin with 
and without SC4 + AICA riboside. Incubation with insulin increased the rate of 
lipogenesis, a process that encompasses both fatty acid and TG synthesis, from 
radioactive glucose by ~2-fold (Supplementary Figure S2A). Incubation in the 
presence of SC4 + AICA riboside had no effect on basal lipogenesis but decreased 
insulin-stimulated lipogenesis from glucose by ~20 % but not back to basal values 
(Supplementary Figure S2A). Incubation of fat pads with insulin increased the rate of 
lipogenesis from radioactive acetate ~3-fold (Supplementary Figure S2B). 
Lipogenesis from acetate bypasses the provision of 2-carbon units by glycolysis and 
PDH but non-radioactive glucose was present to furnish sn-glycerol 3-phosphate for 
esterification. Incubation in the presence of SC4 + AICA riboside had no effect on 
basal lipogenesis from acetate but decreased insulin-stimulated lipogenesis from 
acetate by ~35 %, though again not back to basal values (Supplementary Figure 
S2B). 
 
SC4 + AICA riboside treatment of mouse fat pads decreases insulin-stimulated 
lipogenesis from glucose or acetate in an AMPKα1-dependent manner 
To test the potential involvement of AMPK activation in mediating the inhibition of 
insulin-stimulated lipogenesis, measurements of lipogenesis in fat pads from WT 
versus AMPKα1 KO mice were performed. In fat pads from both WT and AMPKα1 
KO mice, incubation with insulin increased the rates of lipogenesis from glucose and 
acetate by ~2 to 3-fold (Figure 4A,B). Treatment of fat pads from WT mice with SC4 
+ AICA riboside decreased insulin-stimulated lipogenesis from glucose or acetate by 
~30 % and ~25 %, respectively, but these effects were lost in incubated fat pads 
from AMPKα1 KO mice (Figure 4A,B) suggesting that the effects were AMPKα1-
dependent. In parallel incubations of fat pads from WT mice, incubation with insulin 

decreased AMPK Thr172 phosphorylation, as observed previously in rat adipocytes 
[34], and in the presence of insulin, treatment with SC4 + AICA riboside increased 

AMPK Thr172 phosphorylation  (Figure 3C). These effects were strongly ablated in 
incubated fat pads from AMPKα1 KO mice (Figure 4C). Nevertheless, increased 
ACC phosphorylation by SC4 + AICA riboside treatment was still seen in the 
presence of insulin in fat pads from AMPKα1 KO mice (Figure 4D). ACC is known to 
be an extremely good AMPK substrate such that signals in immunoblots probed with 
sensitive commercial anti-phospho ACC antibodies become saturated and a small 
amount of residual AMPKα1 in the KO activated by SC4 + AICA riboside in the 
presence of insulin (see below, Figure 5C) would be enough to see increased ACC 
phosphorylation. The effect could also have been due to compensating AMPKα2 
activation by SC4 + AICA riboside in the presence of insulin (see below, Figure 5D).  
It is noteworthy in this respect that AMPK knockdown by transfecting rat adipocytes 
with a dominant-negative form of AMPK did not completely suppress ACC 
phosphorylation in response to AICA riboside treatment, even though AMPK 
activation was impaired [2]. Raptor is a poorer AMPK substrate than ACC and the 
effect of SC4 + AICA riboside treatment to increase the phosphorylation of Raptor in 
fat pads from WT mice incubated with insulin was more markedly reduced in 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



9 

 

incubated fat pads from AMPKα1 KO mice (Figure 4E) but might also have been 
phosphorylated by compensating AMPKα2 activation by SC4 + AICA riboside. In 
summary, the fact that inhibition of lipogenesis from glucose or acetate by SC4 + 
AICA riboside was lost in in fat pads from AMPKα1 KO mice suggests that this effect 
is AMPKα1-dependent and phosphorylation of ACC and Raptor seen in in incubated 
fat pads from AMPKα1 KO mice was probably due to residual AMPKα1 or 
compensating AMPKα2 (see below).   
 
Effects of AMPKα1 KO on AMPKα1 and AMPKα2 protein content and AMPKα1 
and AMPKα2 activities in mouse fat pads   
Extracts prepared from fat pads of WT and AMPKα1 KO mice incubated with and 
without insulin with and without SC4 + AICA riboside were immunoblotted with anti-
AMPKα1 and anti-AMPKα2 antibodies and assayed for AMPKα1 and AMPKα2 
activity. The protein level of AMPKα1 was decreased by ~90 % in extracts from 
AMPKα1 KO versus WT mice (Figure 5A) whereas the level of AMPKα2 increased 
by 50 % (Figure 5B). In fat pads from AMPKα1 mice, AMPKα1 activity was markedly 
less than in fat pads from WT mice (Figure 5C). In fat pads from WT mice, AMPKα2 
activity was much less than AMPKα1 activity but AMPKα2 activity increased in fat 
pads that had been incubated with SC4 + AICA riboside (Figure 5D). Thus, despite 
of the 50 % compensatory increase in AMPKα2 protein levels in fat pads from 
AMPKα1 KO versus WT mice, AMPKα2 activity from AMPKα1 KO mice would be 
about 25 % of total AMPK activity in fat pads from WT mice in the SC4 + AICA 
riboside stimulated condition. 
 
SC4 + AICA riboside treatment of mouse fat pads decreases insulin-stimulated 
lipogenesis via AMPK-induced phosphorylation of ACC 
To determine whether insulin-stimulated lipogenesis was inhibited via AMPK-induced 
phosphorylation of ACC, lipogenesis from radioactive acetate was measured in fat 
pads from WT versus ACC1/2 S79A/S212A double KI mice. Insulin increased the 
rate of lipogenesis from radioactive acetate ~2-fold (Figure 6A). Moreover, insulin-
stimulated rates of lipogenesis from acetate were increased in incubated fat pads 
from ACC1/2 S79A/S212A KI versus WT mice (Figure 6A), indicating that the 
removal of the ACC inactivating phosphorylation sites in WAT increases lipogenesis 
as seen in hepatocytes from ACC1/2 S79A/S212A KI mice [26]. Also, the effect of 
insulin to increase lipogenesis was maintained in incubated fat pads from ACC1/2 
S79A/S212A KI, as observed previously [29]. Importantly, the effect of SC4 + AICA 
riboside treatment to inhibit insulin-stimulated lipogenesis from radioactive acetate 
was lost in fat pads from ACC1/2 S79A/S212A KI mice (Figure 6A), suggesting that 
ACC is the key AMPK target phosphorylated by AMPK to explain reduced insulin-
stimulated lipogenesis. In fat pads from WT mice, treatment with insulin decreased 
ACC Ser79 phosphorylation, an effect potentially involving AMPKα1 inhibition via 
PKB as described previously [29,34,35], but incubation with SC4 + AICA riboside in 
the presence of insulin resulted in increased ACC phosphorylation (Figure 6B). ACC 
phosphorylation was not detectable in incubated fat pads from ACC1/2 S79A/S212A 
KI mice, as expected (Figure 6B). 
 
The effect of SC4 + AICA riboside treatment to inhibit insulin-stimulated 
glucose uptake persists in fat pads from AMPKα1 KO mice 
Effects of AMPK activation by SC4 + AICA riboside treatment on glucose uptake 
were investigated in fat pads from WT versus AMPKα1 KO mice. Incubation of fat 
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pads with insulin increased the rate of radioactive 2-deoxyglucose uptake ~2-fold 
(Figure 7A). Incubation with SC4 + AICA riboside had no effect on basal 2-
deoxyglucose uptake but decreased insulin-stimulated 2-deoxyglucose uptake by 
~50 % back to basal values (Figure 7A). However, the effect of SC4 + AICA riboside 
to decrease insulin-stimulated 2-deoxyglucose uptake was still apparent in fat pads 
from AMPKα1 KO mice (Figure 7B), suggesting that the effect was partly AMPKα1-
independent. 
 
Effects of SC4 + AICA riboside treatment on insulin targets in fat pads from WT 
mice and rats 
The fact that the effect of SC4 + AICA riboside treatment to inhibit insulin-stimulated 
lipogenesis from radioactive acetate was lost in fat pads from ACC1/2 S79A/S212A 
KI mice suggests that there are no control points for AMPK beyond ACC in the 
lipogenic pathway, but control upstream of ACC cannot be excluded. Therefore, 
effects of SC4 + AICA riboside on insulin targets upstream of ACC potentially 
involved in controlling the lipogenic pathway from glucose were studied by 
immunoblotting full extracts from incubated fat pads. These targets are PKB, 
TBC1D4, ACL and PDH. Firstly, incubation with insulin increased PKB Ser473 and 
PKB Thr308 phosphorylation in fat pads from WT mice (Figure 8A, B) and increased 
PKB Ser473 phosphorylation in rat fat pads (Supplementary Figure S3A). However, 
increased PKB phosphorylation was unaffected by SC4 + AICA riboside treatment. 
Also, SC4 + AICA riboside treatment increased AMPKα Thr172 and ACC Ser79 
phosphorylation both in fat pads from WT mice (Figure 8C,D) and in rat fat pads 
(Supplementary Figure S3B,C) and increased AMPK and ACC phosphorylation by 
SC4 + AICA riboside was seen the presence of insulin. Insulin-stimulated glucose 
uptake in adipocytes can partly be explained by increased TBC1D4 phosphorylation 
mediated by PKB [36] and TBC1D4 Thr642 is one of the PKB sites implicated in 
insulin-stimulated GLUT4 translocation [37]. Incubation of mouse fat pads with 
insulin increased TBC1D4 Thr642 phosphorylation and, in the presence of SC4 + 
AICA riboside, insulin-stimulated TBC1D4 Thr642 phosphorylation tended to 
decrease (Figure 8E). ACL is a key lipogenic enzyme phosphorylated by insulin in 
rat adipocytes via PKB at Ser454 [38] (Ser455 in mouse), but its role in the control of 
lipogenesis is an enigma as there appears to be no effect on enzyme activity. 
Incubation of mouse fat pads with insulin increased ACL Ser455 phosphorylation 
and, in the presence of SC4 + AICA riboside, insulin-stimulated ACL phosphorylation 
decreased by ~25 % (Figure 8F). PDH is activated by insulin in adipose tissue via 
dephosphorylation of Ser293 (site 1) and Ser300 (site 2) [39,40]. In incubated rat fat 

pads, SC4 + AICA riboside treatment had no effect on basal PDH E1 Ser293 and 

Ser300 phosphorylation and PDH E1 Ser293 and Ser300 dephosphorylation by 
insulin was still apparent in the presence of SC4 + AICA riboside (Supplementary 
Figure S3D,E).  
 
 
SC4 + AICA riboside treatment has no effect on fatty acid esterification or 
GPAT activity in fat pads from WT mice 
Incubation of mouse fat pads with insulin increased rate of esterification from 
radioactive palmitate by ~2-fold (Figure 9A). Incubation with SC4 + AICA riboside 
had no effect on the rate of palmitate esterification either in the basal or insulin-
stimulated conditions (Figure 9A). Moreover, treatment with SC4 + AICA riboside 
had no effect on the total activity of GPAT, a key regulatory enzyme of the 
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esterification pathway [41], either under basal conditions or in the presence of insulin 
(Figure 9B). The measurements of total GPAT activity were made on full extracts 
taken from the experiment shown in Figure 8 indicating insulin-induced PKB 
phosphorylation (Figure 8A,B) and AMPK activation by SC4 + AICA riboside (Figure 
8C,D). Likewise there was no effect of either insulin or SC4 + AICA riboside either 
alone or in combination on total GPAT activity in extracts from incubated rat fat pads 
(Supplementary Figure S3F) with appropriate controls for effects of insulin 
(Supplementary Figure S3A) and SC4 + AICA riboside (Supplementary Figure 
S3B,C). Total GPAT activity in extracts comprises microsomal (NEM-sensitive) and 
mitochondrial (NEM-insensitive) GPAT activities [28]. However in rat fat pads, NEM-
insensitive GPAT activity was very low (about 10 % of NEM-sensitive GPAT) and 
SC4 + AICA riboside treatment had no effect on NEM-insensitive GPAT activity (not 
shown). 
 
 
Discussion 
Screening of a panel of small-molecule AMPK activators in incubated rat adipocytes 
indicated that SC4 was the most effective in inducing stable AMPK activation (Figure 

1A, Supplementary Figure S1A). SC4 is considered as a pan  direct AMPK 

activator [18], and shows some selectivity in vitro for AMPK2-containing complexes 

[22]. However SC4 does activate AMPK111 with an EC50 3-times lower than for 

AMPK221 in vitro [22]. Concerning AMPK isoform expression in WAT, AMPK1 

protein predominates in rat and mouse, AMPK1 protein predominates in rat, 

AMPK1 and AMPK2 proteins are expressed roughly equally in mouse and 

humans [4] and AMPK1 mRNA is expressed in humans 
(https://www.proteinatlas.org/). In the presence of 0.1 mM AICA riboside, which 
alone did not activate AMPK, AMPK activation by a submaximal dose of SC4 (10 
μM) was enhanced (Figure 2). Indeed, synergy of AMPK activation has been 
demonstrated for AICA riboside in combination with 991 [32] and for drug/ligand 

effects via binding to the AMPK and AMPK subunits [42,43]. Therefore, a 
combination of submaximal concentrations of both AICA riboside (0.1 mM) and SC4 

(10 or 30 μM) was used to investigate effects of specific pan- AMPK activation on 
metabolic parameters in rodent WAT. 

Preincubation of rat adipocytes with SC4 + AICA riboside inhibited lipolysis 

induced by 0.2 M noradrenaline by ~40 %, causing a right shift in the dose curve 
(Figure 3A) and increasing the EC50 for noradrenaline by ~70 %. Also, preincubation 
of fat pads from WT mice with 30 μM SC4 + 0.1 mM AICA riboside inhibited lipolysis 
induced by 1 μM noradrenaline by ~35 % (data not shown). Concerning the 
mechanism by which SC4 + AICA riboside treatment inhibited noradrenaline-induced 
lipolysis, surprisingly there was no significant effect on the level of HSL Ser565 
phosphorylation either in the absence or presence of increasing concentrations of 
noradrenaline (Figure 3E), in spite of the presumption that phosphorylation at this 
site mediates the anti-lipolytic effect of AMPK [2,8]. Incubation of rat adipocytes with 
increasing concentrations of noradrenaline increased HSL Ser660 phosphorylation 
that was unaffected by SC4 + AICA riboside treatment (Figure 3D). HSL Ser660 is 
one of two PKA sites whose phosphorylation plays a major role in HSL activation 
and translocation [44]. Incubation of rat adipocytes with increasing concentrations of 
noradrenaline also increased HSL Ser563 phosphorylation that was inhibited by SC4 
+ AICA riboside treatment at a submaximal concentration of 0.3 μM noradrenaline 
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(Figure 3C). HSL Ser563 is also a PKA site but its precise role is unclear [44]. Unlike 
in hepatocytes where AMPK activation by 991 reduced glucagon-induced increases 
in cAMP by activating a cyclic nucleotide phosphodiesterase [45], in rat adipocytes 
we did not see any effects upon incubation with 100 μM 991 on increases in cAMP 
levels induced by 1 μM noradrenaline (data not shown). Therefore, the effect of 
AMPK activation to reduce the increase in HSL Ser563 phosphorylation at the 
submaximal dose of 0.3 μM noradrenaline (Figure 3C), without affecting HSL Ser660 
phosphorylation (Figure 3E), might have been due to activation of a phosphoprotein 

phosphatase specific for the HSL Ser563 site. Based on the use of AMPK1 

knockout mice, the effect of AICA riboside to inhibit -agonist–stimulated lipolysis in 
WAT was shown to be AMPK-dependent [2]. In conclusion, SC4 + AICA riboside 
treatment inhibited noradrenaline-induced lipolysis, possibly involving reduced HSL 
Ser563 phosphorylation. 
AMPK activation has been proposed to have a pro-lipolytic effect by activating ATGL 
via Ser406 phosphorylation [9]. Interestingly, this site is also a PKA site and 
increased lipolysis was associated with increased ATGL phosphorylation in mouse 
and human adipose tissue [46]. However, in human adipose tissue, AMPK activation 
by incubation with AICA riboside did not lead to increased ATGL Ser404 
phosphorylation (the equivalent site in mouse ATGL Ser406) [46]. In the present 
study, incubation of rat adipocytes with increasing concentrations of noradrenaline 
led to a dose-dependent increase in ATGL Ser406 phosphorylation (Figure 3F). 
Incubation with SC4 + AICA riboside increased basal ATGL Ser406 phosphorylation 
that further increased in the presence of maximal doses of noradrenaline (Figure 
3F). Therefore, ATGL Ser406 phosphorylation might well participate in the 
stimulation of lipolysis by noradrenaline in WAT. However, basal rates of lipolysis 
were unaffected by treatment with SC4 + AICA riboside (Figure 3A) in spite of 
increased ATGL Ser406 phosphorylation (Figure 3F). One possibility is that other 
AMPK sites in ATGL could antagonize the activating effect of Ser406 
phosphorylation. 
 In incubated mouse fat pads, insulin stimulated lipogenesis from glucose and 
acetate, and this effect was inhibited by SC4 + AICA riboside treatment 
(Supplementary Figure S2A,B, Figure 4A,B). Moreover, with glucose or acetate as 
substrate, the effect of SC4 + AICA riboside treatment to reduce insulin-stimulated 
lipogenesis was lost in incubated fat pads from AMPKα1 KO versus WT mice (Figure 
4A,B), suggesting that the effect was AMPKα1-dependent. In incubated fat pads 
from ACC1/2 S79A/S212A double KI versus WT mice, the effect SC4 + AICA 
riboside treatment to inhibit insulin-stimulated lipogenesis from radioactive acetate 
was completely lost (Figure 6A). These results pinpoint ACC phosphorylation as the 
principal site to explain the effect of AMPK activation to inhibit insulin-stimulated 
lipogenesis and suggest that there are no other control points for AMPK in the 
lipogenic pathway (fatty acid + TG synthesis) beyond ACC (see below). The data 
also suggest that despite the fact that SC4 + AICA riboside treatment inhibited 
glucose uptake, this would not be limiting for providing sn-glycerol 3-phosphate for 
lipogenesis from acetate in fat pads from ACC1/2 S79A/S212A double KI mice. 
Other sites of control by AMPK upstream of ACC in the lipogenic pathway cannot be 
excluded. Potential control points in the conversion of glucose to TG include glucose 
transport, PDH and ACL. Indeed, insulin-stimulated glucose uptake was inhibited by 
SC4 + AICA riboside treatment of mouse fat pads (Figure 7A). However, the 
inhibition of insulin-stimulated glucose transport was still apparent in fat pads from 
AMPKα1 KO mice incubated with SC4 + AICA riboside (Figure 7B), suggesting that 
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the effect was partly AMPKα1-independent. The inhibition of insulin-stimulated 
glucose uptake by SC4 + AICA riboside in fat pads from AMPKα1 KO mice could 
have been due to an off-target effect of compound treatment or compensation by 
AMPKα2 (Figure 5). SC4 + AICA riboside treatment had no effect on intracellular 
ATP concentrations nor on the adenylate energy charge (AEC) calculated from ATP, 

ADP and AMP levels in mouse fat pads from WT and AMPK1 KO mice, suggesting 
that cell viability/activity was not compromised by SC4 + AICA riboside treatment to 

explain the inhibition of lipogenesis/glucose uptake and that AMPK1 KO would not 
sustain cell viability (Supplementary Figure S4). Our results are somewhat at 

variance with recent findings where use of AMPK1 S108A expressing adipocytes, 
in which AMPK activation by A-769662 was impaired, suggested that the inhibition of 
insulin-stimulated glucose uptake by A-769662 was AMPK-independent [10]. 
Regarding mechanisms by which AMPK activation could inhibit insulin-stimulated 
lipogenesis from from glucose upstream of ACC, incubation of fat pads with SC4 + 
AICA riboside tended to reduce the insulin-induced increases in TBC1D4 Thr642 
and decreased insulin-induced ACL Ser455 phosphorylation (Figure 8E,F), whereas 

PDH E1 Ser293 and Ser300 dephosphorylation by insulin was seemingly 
unaffected (Supplementary Figure S3D,E). TBC1D4 Thr642 and ACL Ser455 are 
recognized PKB sites, but surprisingly incubation with SC4 + AICA riboside had no 
effect on insulin-induced increases in PKB Ser473 (Figure 8A, supplementary Figure 
S3A) or increased PKB Thr308 phosphorylation (Figure 8B). Our findings are in 
agreement with [10] where AICA riboside or A-769622 treatment of adipocytes had 
no effect on insulin-induced PKB Ser473 phosphorylation. However in these studies, 
AICA riboside or A-769622 treatment had no effect on insulin-stimulated TBC1D4 
Thr642 phosphorylation whereas in our hands treatment with SC4 + AICA riboside 
tended to reduce insulin-induced TBC1D4 phosphorylation (Figure 8E). The lack of 
effect of SC4 + AICA riboside treatment on insulin-induced PKB phosphorylation 
suggests that reduced insulin-induced TBC1D4 Thr642 and ACL Ser455 
phosphorylation might have been due to AMPK-induced activation of a 
phosphoprotein phosphatase that dephosphorylates these sites. Incubation of 
mouse fat pads with SC4 + AICA riboside had no effect on basal or insulin-
stimulated esterification from radioactive palmitate (Fig. 9A). Moreover, total GPAT 
activity was unaffected by incubation with either insulin or SC4 + AICAR alone or in 
combination (Figure 9B, Supplementary Figure S3F). AICA riboside treatment was 
proposed to inactivate liver mitochondrial GPAT [11]. However direct 
phosphorylation and phosphorylation site determination were never reported. On the 
other hand, microsomal GPAT3 phosphorylation on Ser68 was detected in a 
phosphoproteomic screen of human muscle during exercise [47]. Although 
microsomal GPAT3 Ser68 lies in a favourable consensus for phosphorylation by 
AMPK (SILKNSApS68VGIIQRD), our findings do not support control of GPAT activity 
as a result of AMPK activation.  

Pharmacological AMPK activation is recognized as a novel approach for 
treating type 2 diabetes [48]. Since AMPK activation promotes insulin-independent 
glucose uptake in skeletal muscle, drugs that specifically activate AMPK in this 
tissue would be most beneficial, possibly in combination with metformin, which acts 
primarily on the liver to reduce glucose production. However, tissue-specific AMPK 
activation in muscle might not be possible and so positive and negative effects of 
whole-body AMPK activation need to be considered. In vivo administration of pan-
AMPK activators PF-739 [23] and MK-8722 [24] that bind to the ADaM site or 
administration of pan-AMPK activator O304 [25] improved glucose tolerance in 
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insulin-resistance rodent models. Long-term use of MK-8722 was associated with 
cardiac hypertrophy that was reminiscent of that seen in human athletes, and thus 
might not be a serious complication [24]. 

AMPK activation by SC4 + AICA riboside treatment in rat adipocytes inhibited 

-agonist-stimulated lipolysis without affecting basal lipolysis (Figure 3A). This could 
be beneficial in vivo by reducing circulating free fatty acids linked to the development 
of insulin resistance, particularly in skeletal muscle [5], but without leading to TG 
accumulation in WAT that might result if lipolysis was completely blocked by AMPK 

activation. Although AMPK activation in human primary adipocytes did not inhibit -
agonist-stimulated lipolysis [4], this conclusion was based on the use of 991, which 
we show is not the most effective AMPK activator, at least in rat adipocytes (Figure 
1). The storage capacity of WAT is limited and once surpassed, fat accumulates in 
ectopic tissues (such as skeletal muscle, liver and heart), a phenomenon called 
“lipotoxicity” that leads to insulin resistance [49]. The effects of AMPK activation to 
inhibit insulin-stimulated glucose uptake and insulin-stimulated de novo lipogenesis 
in WAT could thus be beneficial by reducing TG content. It should be mentioned that 
de novo lipogenesis in human WAT can have an insulin sensitizing effect [50]. 
However, reduced TG storage in WAT could counteract the development of insulin 
resistance in other tissues by lowering circulating free fatty acids. 
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Figure legends 
 

Figure 1. Effects of AMPK activators on AMPK activity and AMPK, ACC and 
Raptor phosphorylation in rat adipocytes. Adipocytes were incubated with small-
molecule AMPK activators at the indicated concentrations or with 0.1% (v/v) DMSO 
(vehicle control). After 30 min, the cells were harvested and freeze-stopped for 
homogenization in "Hepes sucrose buffer". Adipocyte extracts were 
immunoprecipitated with anti-AMPKα1 + anti-AMPKα2 antibodies for AMPK assay 
(A) or subjected to SDS-PAGE for immunoblotting with anti-phospho Thr172 AMPKα 
versus anti-total AMPKα (B), anti-phospho Ser79 ACC versus anti-total ACC (C) or 
anti-phospho Ser792 Raptor versus anti-total Raptor (D) antibodies. Blots were 
quantified by chemiluminescence and scanning densitometry to calculate relative 
band intensities obtained with the anti-phospho versus anti-total protein antibodies 
and representative blots are shown in the upper panels. The values are means ± 
S.E.M., n = 6 separate experiments (A), n = 3 separate experiments (B), n = 4 
separate experiments (C) or n = 5 separate experiments (D). * Indicates a significant 
effect of AMPK activators versus the DMSO vehicle controls (P < 0.05, paired 
Student’s t-test). 
  
Figure 2. Dose-dependent AMPK activation by SC4 with and without 0.1 mM 
AICA riboside in incubated rat adipocytes. Adipocytes were incubated with the 
indicated concentrations of SC4 with or without 0.1 mM AICA riboside as described 
in the legend to Figure 1. Adipocyte extracts were immunoprecipitated with anti-
AMPKα1 + anti-AMPKα2 antibodies for AMPK assay (A) or subjected to SDS-PAGE 
for immunoblotting with anti-phospho Thr172 AMPKα versus anti-total AMPK (B) or 
with anti-phospho Ser79 ACC versus anti-total ACC (C) antibodies. Blots were 
quantified as described in the legend to Figure 1 and a representative blot is shown 
in (D). The values are means ± S.E.M., n = 7 separate experiments (A) or n = 4 
separate experiments (B, C). * indicates a significant effect of SC4 versus the DMSO 
vehicle controls (P < 0.05, paired Student’s t-test); † indicates a significant effect of 
AICA riboside versus SC4 (P < 0.05, paired Student’s t-test). 
 
Figure 3. Effects of SC4 + AICA riboside on noradrenaline-stimulated lipolysis 
and lipolytic enzyme phosphorylation in incubated rat adipocytes. Adipocytes 
were preincubated with or without SC4 + AICA riboside for 15 min followed by 
incubation with the indicated concentrations of noradrenaline as described in the 
Methods section. After 30 min, the cells were harvested by centrifugation and the 
incubation media were removed for glycerol assay (A). In (B) freeze-stopped 
adipocytes were homogenized to obtain fat cake extracts (see Methods section) for 
SDS-PAGE and immunoblotting with the indicated antibodies (a representative blot 
is shown in panel C). Blot quantification of relative band intensities obtained with the 
anti-phospho versus anti-total protein antibodies (see legend to Figure 1) is shown 
for pSer563 HSL (C), pSer660 HSL (D), pSer565 HSL (E) and pSer406 ATGL (F). 
The values are means ± S.E.M., n = at least 3 separate experiments. * indicates a 
significant effect of noradrenaline versus the control incubation without noradrenaline; 
† indicates a significant effect of SC4 + AICA riboside versus the control incubation 
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without noradrenaline (F) or versus the incubations with increasing concentrations of 
noradrenaline alone (A,C,F) (P < 0.05, paired Student’s t-test).  
 
Figure 4. Effects of SC4 + AICA riboside on insulin-stimulated lipogenesis from 
glucose or acetate in incubated fat pads from WT and AMPKα1 KO mice. The 
vertical dashed lines indicate that epididymal fat pads from the same animal were 
incubated pairwise. Fat pads from WT and AMPKα1 KO mice were preincubated 
with 5 mM glucose or 5 mM glucose + 5 mM acetate with or without SC4 + AICA 
riboside for 15 min prior to incubation for 60 min with or without insulin in the 
presence of [14C] glucose (A) or [14C] acetate (B) for measurements of rates of 
lipogenesis as described in the Methods section. The values are means ± S.E.M., n 
= 4 (A) or n = 5 (B) separate experiments. In separate experiments, fat pads from 
WT and AMPKα1 KO mice were incubated with 5 mM glucose but without 
radioactivity with or without SC4 + AICA riboside with or without insulin as described 
above for the preparation of extracts, SDS-PAGE and immunoblotting with the 
indicated antibodies (C-E). Representative blots from n = 5 (C), n = 5 (D) or n = 4 (E) 
separate experiments are shown. * Indicates a significant effect of insulin versus the 
controls (white bars); † indicates a significant effect of SC4 + AICA riboside versus 
insulin alone (P < 0.05, paired Student’s t-test). 
 
Figure 5. Effects of AMPKα1 KO on AMPKα1 and AMPKα2 protein content and 
AMPKα1 and AMPKα2 activities in mouse fat pads  
Fat pads from WT and AMPKα1 KO mice were incubated with 5 mM glucose with or 
without SC4 + AICA riboside with or without insulin as described in the legend to 
Figure 4 (C-E) and extracts were immunoblotted for AMPKα1 (A) and AMPKα2 (B) 
for quantification versus GAPDH as described in the legend to Figure 1 or 
immunoprecipitated for measurements of AMPKα1 (C) and AMPKα2 activity (D). The 
results are means ± S.E.M., n = 12 separate determinations (A,B) or means ± 
S.E.M., n = 5 (C) or n = 3 (D) separate determinations. * Indicates a significant effect 
of AMPKα1 KO versus the WT controls (white bars); † indicates a significant effect of 
SC4 + AICA riboside versus insulin alone (P < 0.05, paired Student’s t-test).  
  
Figure 6. Effects of SC4 + AICA riboside on insulin-stimulated lipogenesis and 
ACC phosphorylation in incubated fat pads from WT versus ACC1/2 
S79A/S212A KI mice. Fat pads from WT versus ACC1/2 S79A/S212A KI mice were 
incubated as described in the legend to Figure 4 to measure rates of lipogenesis 
from [14C] acetate (A). In separate experiments, fat pads from S79A/S212A KI mice 
were incubated with 5 mM glucose with or without SC4 + AICA riboside with or 
without insulin as described in the legend to Figure 4 for the preparation of extracts, 
SDS-PAGE and immunoblotting with the indicated antibodies (B). Blots were 
quantified as described in the legend to Figure 1 and a representative blot is shown 
in the upper panel. The values are means ± S.E.M., n = 7 (A) or n = 3 (B) separate 
experiments. * Indicates a significant effect of insulin versus the controls (white 
bars); † indicates a significant effect of SC4 + AICA riboside versus insulin alone (P 
< 0.05, paired Student’s t-test). ¶ Indicates a significant effect of ACC1/2 double KI 
versus the WT (P < 0.05, unpaired Student’s t-test). 
 
Figure 7. Effects of of SC4 + AICA riboside on insulin-stimulated glucose 
uptake in incubated fat pads from WT versus AMPKα1 KO mice. The vertical 
dashed lines indicate that epididymal fat pads from the same animal were incubated 
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pairwise. Fat pads from WT (A) or WT versus AMPKα1 KO mice (B) were 
preincubated with [14C] 2-deoxyglucose and non-radioactive 2-deoxyglucose with 
and without SC4 + AICA riboside for 15 min followed by incubation for 60 min with or 
without insulin. The values are means ± S.E.M., n = 5 (A) or n = 4 (B) separate 
experiments. * Indicates a significant effect of insulin versus the vehicle controls; † 
indicates a significant effect of SC4 + AICA riboside versus insulin alone (P < 0.05, 
paired Student’s t-test).  
 

Figure 8. Effects of SC4 + AICA riboside and insulin on PKB, AMPK, ACC, 
TBC1D4 and ACL phosphorylation in incubated mouse fat pads. The vertical 
dashed lines indicate that epididymal fat pads from the same animal were incubated 
pairwise. Fat pads from WT mice were preincubated with SC4 + AICA riboside and 5 
mM glucose for 15 min followed by incubation with or without insulin for 60 min. The 
fat pad pieces were harvested by flotation, freeze-stopped and homogenized in 
"Hepes sucrose buffer". Following centrifugation, extracts were subjected to SDS-
PAGE for immunoblotting with anti-phospho Ser473 PKB and anti-total PKB 
antibodies (A), anti-phospho Thr308 PKB and anti-total PKB antibodies (B), anti-

phospho Thr172 AMPK and anti-total AMPK antibodies (C), anti-phospho Ser79 
ACC and anti-total ACC antibodies (D), anti-phospho Thr642 TBC1D4 and anti-total 
TBC1D4 antibodies (E) and anti-phospho Ser454 ACL and anti-total ACL antibodies 
(F). Blots were quantified as described in the legend to Figure 1 and representative 
blots are shown in the upper panels. The values are means ± S.E.M., for n = 4 (A), n 
= 3 (B), n = 4 (C), n = 3 (D), and n= 5 (E, F) separate experiments. * Indicates a 
significant effect of insulin versus the vehicle controls; † indicates a significant effect 
of SC4 + AICA riboside versus insulin alone (P < 0.05, paired Student’s t-test). 
 
Figure 9. Effects of SC4 + AICA riboside on insulin-stimulated esterification 
and GPAT activity in incubated mouse fat pads. 
The vertical dashed lines indicate that epididymal fat pads from the same animal 
were incubated pairwise. Fat pads from WT mice were preincubated with SC4 + 
AICA riboside and 5 mM glucose + 0.5 mM palmitate for 15 min prior to incubation 
for 60 min with or without insulin in the presence of [3H] palmitate for measurements 
of rates of esterification as described in the Methods section (A). Fat pads extracts 
from the experiment shown in Figure 7 were assayed for total GPAT activity (B). The 
values are means ± S.E.M., n = 3 separate experiments.  * Indicates a significant 
effect of insulin versus the vehicle controls (P < 0.05, paired Student’s t-test). 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



pThr172 AMPKα 

Total AMPKα 

GAPDH 

A 

B 

C 

Fig. 1 

D 

-70 kDa 

-70 kDa 

-35 kDa 

GAPDH 

pSer79 ACC 

Total ACC 

-250 kDa 

-250 kDa 

-35 kDa 

pSer792 Raptor 

Total Raptor 

GAPDH 

-250 kDa 

-130 kDa 

-250 kDa 

-130 kDa 

-35 kDa 

* 
* 

* 

* 

* 
* * * 

* 

* * * * * 
* * * * 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



A 

B 

C 

D 

pThr172 AMPKα 

0 0.3 1 3 10 30 0 0.3 1 3 10 30 

+0.1 mM AICA riboside 

Total AMPKα 

GAPDH 

GAPDH 

pSer79 ACC 

Total ACC 

SC4 (μM) 

Fig. 2 

-250 kDa 

-250 kDa 

-35 kDa 

-70 kDa 

-70 kDa 

-35 kDa 

* 
* 

* 
* 

* 

† 

* * 
* * * † 
† † 

† 

* * * 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



A B 

HSL Ser563 C 
D 

E F 

HSL Ser660 

Fig. 3 

- 55 kDa 

- 55 kDa 

- 100 kDa 

- 100 kDa 

- 100 kDa 

- 100 kDa 

0.1 0.03 

pSer 406 ATGL 

pSer563 HSL 

pSer565 HSL 

pSer660 HSL 

Total ATGL 

Total HSL 

Noradrenaline (μM) 0 0.03 0.1 0.2 0.3 1 3 

DMSO 30 μM SC4 + 0.1 mM AICA riboside 

0 0.2 0.3 1 3 

* 

* 
* 

* 

* 

† 

HSL Ser565 

† 
† 
† 

† 
† 

* 
* 

* 
* 

ATGL Ser406 

* 

* 
* 

, * † 
† 

† 
† † † 

* 

* * * 
* 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



A B 

Fig. 4 

C 

D 

E 

Total AMPKα 
pThr172 AMPKα 

GAPDH 

-70 kDa 

-70 kDa 

-35 kDa 

* 

† 

-250 kDa 

-250 kDa 

-35 kDa 

pSer79 ACC 
Total ACC 

GAPDH 

† 

* 

† 

pSer792 Raptor 

Total Raptor 

GAPDH 

-250 kDa  

-130 kDa 
-250 kDa 
-130 kDa 

-35 kDa 

* † 
* * 

† 
* 

† 

† 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



D 

C 

A 

Fig. 5 

B 

† 

AMPKα1 

GAPDH 

-70 kDa 

-35 kDa 

* 

AMPKα2 

GAPDH 

-70 kDa 

-35 kDa 

† 

† 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



* 

* 

pSer79 ACC 

Total ACC 

GAPDH 

B 

A 

Fig. 6 

-250 kDa 

-250 kDa 

-35 kDa 

* † 

* 

¶ 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



B 

A 

Fig. 7 

* 

† 

* 

† 

* 
† 

P = 0.06 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



A B 

C D 

E 
F 

Fig. 8 

pSer473 PKB 

Total PKB 

GAPDH 

pThr172 AMPKα 

Total AMPKα 

GAPDH 

pThr642 AS160 

Total AS160 

GAPDH 

P = 0.09 

pSer455 ACL 

Total ACL 

GAPDH 

† 

pThr308 PKB 

Total PKB 

GAPDH 

-70 kDa 

-70 kDa 

-35 kDa 

-70 kDa 

-70 kDa 

-35kDa 

-70 kDa 

-70 kDa 

-35 kDa 

-250 kDa 

-250 kDa 

-35 kDa 

-250 kDa 

-130 kDa 
-250 kDa 

-130 kDa 

-35 kDa 

-130 kDa 

-100 kDa 

-130 kDa 

-100 kDa 

-35 kDa 

pSer79 ACC 

Total ACC 

GAPDH 

* * 

* * 
* 

* 

* * 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411



B 

A 

Fig. 9 

* 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210411/922173/bcj-2021-0411.pdf by guest on 24 O
ctober 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210411


