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Abstract
Aims/hypothesis In rodent adipocytes, activated AMP-
activated protein kinase reduces the lipolytic rate. As the
hypoglycaemic drugs metformin and thiazolidinediones
activate this enzyme in rodents, we tested the hypothesis
that in addition to their known actions they could have an
anti-lipolytic effect in human adipocytes.
Methods Adipose tissue was obtained from individuals
undergoing plastic surgery. Adipocytes were isolated and
incubated with lipolytic agents (isoprenaline, atrial natriuretic
peptide) and biguanides or thiazolidinediones. Lipolysis was
quantified by the glycerol released in the medium. AMP-
activated protein kinase activity and phosphorylation state
were determined using standard procedures.
Results In human adipocytes, isoprenaline and atrial
natriuretic peptide stimulated the lipolytic rate three- to

fourfold. Biguanides and thiazolidinediones activated AMP-
activated protein kinase and inhibited lipolysis by 30–40%,
at least in part by inhibiting hormone-sensitive lipase
translocation to the lipid droplet. Inhibition of AMP-
activated protein kinase by compound C precluded this
inhibitory effect on lipolysis. Stimulation of lipolysis also
induced an activation of AMP-activated protein kinase
concomitant with a drop in ATP concentration.
Conclusions/interpretation We show for the first time in
human adipocytes that biguanides and thiazolidinediones
activate AMP-activated protein kinase, thus counteracting
lipolysis induced by lipolytic agents. In addition, β-agonist-
or ANP-stimulated lipolysis increases AMP-activated pro-
tein kinase activity. This is because of an increase in the
AMP/ATP ratio, linked to activation of some of the released
fatty acids into acyl-CoA. AMP-activated protein kinase
activation could represent a physiological means of avoid-
ing a deleterious drain of energy during lipolysis but could
be used to restrain pharmacological release of fatty acids.

Keywords Adipocytes . AMP-activated protein kinase .

Atrial natriuretic peptide . Biguanides . Hormone-sensitive
lipase . Lipolysis . Non-esterified fatty acids .

Thiazolidinediones

Abbreviations
ACC Acetyl-CoA carboxylase
AICAR 5-Aminoimidazole-4-carboxamide-1-β-D-

ribofuranoside
AMPK AMP-activated protein kinase
ANP Atrial natriuretic peptide
ATGL Adipose triacylglycerol lipase
CREB Cyclic AMP response element binding protein
FA Fatty acid
HSL Hormone-sensitive lipase

O. Bourron :M. Daval : I. Hainault : E. Hajduch : J. F. Gautier :
P. Ferré : F. Foufelle (*)
Centre de Recherche des Cordeliers, INSERM, UMR-S 872,
15 rue de l’école de médecine,
Paris F-75006, France
e-mail: fabienne.foufelle@crc.jussieu.fr

O. Bourron :M. Daval : I. Hainault : E. Hajduch : J. F. Gautier :
P. Ferré : F. Foufelle
Université Pierre et Marie Curie-Paris 6,
UMR-S 872 Paris, France

J. F. Gautier
Service de diabétologie et d’endocrinologie,
Groupement Hospitalier Universitaire Nord Saint-Louis, AP-HP,
Paris, France

J. M. Servant
Service de chirurgie plastique, Groupement Hospitalier
Universitaire Nord Saint-Louis, AP-HP,
Paris, France

Diabetologia (2010) 53:768–778
DOI 10.1007/s00125-009-1639-6



PKA Cyclic AMP-dependent protein kinase
PKG Cyclic GMP-dependent protein kinase
PPARG Peroxisome proliferator-activated receptor

gamma

Introduction

Adipose tissue is a key organ for the survival of mammals, as
it allows them to store energy in the form of triacylglycerols
during periods of nutritional abundance and to release it as
fatty acids (FAs) through the lipolytic pathway in periods of
energy shortage (e.g. fasting) or increased expenditure (e.g.
physical exercise). The sequential hydrolysis of triacylgly-
cerols to release FAs is regulated by specific enzymes.
Adipose triacylglycerol lipase initiates lipolysis by specifical-
ly removing the first FA to produce a diacylglycerol, which is
then hydrolysed by a hormone-sensitive lipase (HSL) and
subsequently by a monocylglycerol lipase [1]. In rodents,
catecholamines represent the most potent lipolytic signal
acting through a cyclic AMP-dependent process and activa-
tion of cyclic AMP-dependent protein kinase (PKA) [1].
PKA then phosphorylates and modulates the activity of
target proteins such as HSL and perilipin, a protein coating
the lipid droplet [1]. Conversely, insulin is the most potent
anti-lipolytic hormone, acting through the activation of
phosphodiesterase 3B, which induces the degradation of
cyclic AMP. In humans it has been reported that natriuretic
peptides, particularly atrial natriuretic peptide (ANP), pro-
duced by the heart during exercise, could also stimulate
lipolysis in adipocytes through a cyclic GMP-dependent
protein kinase (PKG) signalling pathway independently of
cyclic AMP pathways [2].

It is now widely accepted that elevated concentrations of
plasma FAs, as observed in obese individuals, have major
implications for glucose homeostasis through the induction
of insulin resistance [3, 4]. Insulin resistance can in turn
lead to overt type 2 diabetes in predisposed individuals. In
liver and muscles, the current hypothesis is that FA-induced
insulin resistance involves intracellular FA metabolites that
interfere with insulin signalling and thus with glucose
utilisation [5]. Finally lipid deposition in pancreatic beta
cells could also contribute through lipotoxicity to the
reduction of insulin secretion and onset of type 2 diabetes
[5]. Reducing lipolysis and thus circulating FA concentra-
tion is an attractive possibility for pharmacological treat-
ment of insulin-resistant states and type 2 diabetes.

AMP-activated protein kinase (AMPK) is an αβγ-
heterotrimer complex that acts as a sensor of cellular energy
status [6]. It is activated by stresses that deplete cellular ATP,
inducing a concomitant rise in AMP and causing increased
phosphorylation of the catalytic alpha subunit on Thr172 by
an upstream kinase, the tumour suppressor serine/threonine

kinase LKB1 [6]. We and others have shown in rodents that
AMP-activated protein kinase is activated during the
lipolytic process in adipocytes [7–11] and could contribute
to restrain lipolysis [8, 11–14]. Interestingly, administration
of the pharmacological AMPK activator 5-aminoimidazole-
4-carboxamide-1-β-D-ribofuranoside (AICAR) reduces
whole-body lipolysis in rodents and in humans [14, 15].

Biguanides and thiazolidinediones are widely used drugs
for the treatment of type 2 diabetes [16]. The biguanide
metformin decreases the high hepatic glucose output
observed in type 2 diabetes, whereas thiazolidinediones such
as pioglitazone or rosiglitazone increase muscle glucose
uptake in response to insulin and are called insulin sensitisers.
Metformin and thiazolidinediones have been reported to
decrease the plasma concentrations of non-esterified fatty
acids in type 2 diabetic patients [17–21] and the lipolytic rate
in obese humans [22–24]. In rodent adipocytes, biguanides
and thiazolidinediones are able to activate AMPK, and
biguanides are able to reduce lipolysis [8, 25, 26].

In this paper, we analyse whether lipolysis, biguanides
and thiazolidinediones induce AMPK activation in human
adipocytes. We then study whether biguanides and thiazo-
lidinediones can reduce lipolysis stimulated by β-agonist or
ANP and whether AMPK activation is causal in reducing
the lipolytic rate.

Methods

Participants Subcutaneous adipose tissue from the abdominal
region was obtained from 20 normal to moderately overweight
women (age 36.2±4.8 years, BMI 24.6±2.6 kg/m2) who were
hospitalised for abdominal plastic surgery. Each patient was
seen before the surgery to obtain her written consent and
biological characteristics. All patients with chronic diseases
(e.g. diabetes, obesity liver diseases, cancer) or treated with
drugs (e.g. glucocorticoids) that could interfere with metab-
olism were excluded. All participants with obesity were also
excluded to avoid recruiting patients with severe insulin
resistance and lipolysis defects. This study was approved by
the Ethics Committee of Saint Louis Hospital (Paris, France).

Adipocyte isolation and determination of fat cell number
Mature adipocytes were isolated by collagenase treatment
(Roche Diagnostics, Mannheim, Germany) according to
Rodbell [27]. Fat cell number in the preparations was
determined according to Daval et al. [8].

Short-term incubation of adipocytes and AMPK assay
After isolation, adipocytes (0.6×106 to 1×106 cells) were
incubated in KRB (pH 7.4) supplemented with 2% (wt/vol.)
BSA in a 95% O2, 5% CO2 atmosphere for 30 min. Cells
were then washed three times with Hanks’ balanced salt
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solution (Invitrogen, Paisley, UK) to remove BSA and
then incubated in Hanks’ balanced salt solution containing
5 mmol/l glucose at 37°C with or without the different
effectors. AICAR (500 μmol/l) (Cell Signaling Technology,
Boston, MA, USA), phenformin (Sigma, St Louis, MO, USA)
(100 μmol/l), pioglitazone (250 μmol/l) and rosiglitazone
(250 μmol/l) (Alexis Biochemicals, Lausen, Switzerland)
were added for 1 h, whereas metformin (2 mmol/l) (Alexis
Biochemicals) was added for 4 h. When used, compound C
(6-[4-(2-piperidin-1-yl-ethoxy)-phenyl]-3-pyridin-4-yl-pyr-
razolo[1,5-a]pyrimidine; Calbiochem, Darmstadt, Germany)
(50 μmol/l) and triacsin C (Alexis Biochemicals, Lausen,
Switzerland) (10 μmol/l) were added to the adipocyte
medium 2 and 3 h, respectively, before addition of
the effectors. Following treatment, adipocytes were
disrupted in buffer A, 50 mmol/l HEPES (pH 7.4),
1 mmol/l EDTA, 1 mmol/l EGTA, 10% glycerol, 50 mmol/l
NaF, 5 mmol/l sodium pyrophosphate, 1 mmol/l dithiothreitol,
1 mmol/l phenylmethanesulfonylfluoride, 2 µg/ml aprotinine,
1 μg/ml pepstatin and 2 μg/ml leupeptin (Sigma Aldrich)
supplemented with 1% (vol./vol.) Triton X-100. The cellular
debris were pelleted by centrifugation at 4,000 g for 15 min at
4°C, and the resulting supernatant fraction was recovered,
adjusted to 10% (vol./vol.) polyethylene glycol 8000 and
incubated for 45 min at 4°C. Following further centrifugation
(18,000 g, 15 min, 4°C), the pellet of proteins was
resuspended in buffer A without Triton X-100. Aliquots
were used to assay AMPK activity using SAMS peptide in
the presence of saturating concentrations of 5′AMP
(200 μmol/l) as described previously [28].

Isolation of lipid droplets Lipid droplets were isolated as
previously described [8]. Briefly, adipocytes were resus-
pended in 2 ml of disruption buffer (25 mmol/l TRIS–HCl
[pH 7.4], 100 mmol/l KCl, 1 mmol/l EDTA, 5 mmol/l
EGTA and protease inhibitors) and disrupted by nitrogen
cavitation at 5,500 kPa for 10 min at 4°C. The cavitate was

collected, mixed with an equal volume of disruption buffer
containing 1.08 mol/l sucrose, and overlaid sequentially with
2 ml of 0.27 mol/l sucrose buffer, 2 ml of 0.135 mol/l sucrose
and 2 ml of ‘top’ buffer (25 mmol/l TRIS–HCl [pH 7.4],
1 mmol/l EDTA and 1 mmol/l EGTA). Following centrifuga-
tion at 150,000 g for 90 min, different fractions (1.5 ml each)
were collected from the top (fraction containing lipid droplets)
to the bottom of the tube (cytosol, microsome and nuclei). The
lipid droplets were then washed with top buffer and
centrifuged at 3,500 g for 15 min at 10°C.

Western blot analysis Western blots were performed
according to Daval et al. [8]. Anti-phospho-acetyl-CoA
carboxylase (ACC) and anti-cyclic AMP response element
binding protein (anti-CREB) were obtained from Millipore
(Billerica, MA, USA). Anti-phospho-AMPK (Thr172),
anti-AMPKα1, anti-ACC, anti-phospho-HSL, anti-HSL
and anti-PKA substrate antibodies were obtained from Cell
Signaling Technology (New England Biolabs, Boston,
USA). β-Actin antibody was provided by Sigma. The
perilipin antibody was obtained from Progen (Heidelberg,
Germany). The antibody against phospho-CREB (SER133)
was from Upstate (Lake Placid, NY, USA) and the adipose
triacylglycerol lipase (ATGL) antibody from Novus Bio-
logicals (Littleton, CO, USA).

Lipolysis assay Isolated fat cells were treated in KRB
(pH 7.4) containing 5 mmol/l glucose and 2% BSA with
AMPK activators with or without compound C as described
above. Adipocytes were then incubated at 37°C for 1 h in
2.5 ml of KRB (pH 7.4) containing 5 mmol/l glucose and
4% BSA with or without 1 μmol/l isoprenaline (Sigma) or
100 nmol/l ANP (PolyPeptide Laboratories, Strasbourg,
France) in an atmosphere of 95% O2, 5% CO2. Subsequently,
1 ml of the incubation medium was removed, acidified with
100 μl of 30% trichloroacetic acid. The mixture was
vigorously shaken and then centrifuged at 3,000 g for
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Fig. 1 Effects of AICAR, biguanides and thiazolidinediones on AMPK
activity: AMPK Thr172 and ACC Ser80 phosphorylation in human
adipocytes. Isolated human adipocytes were treated for 1 h in the presence
of 500 μmol/l AICAR, 100 μmol/l phenformin (Phen), 250 μmol/l
pioglitazone (Pio) and 250 μmol/l rosiglitazone (Rosi) or for 4 h in the
presence of 2mmol/l metformin (Met). a, b AMPK activity was measured

as described in Methods. Activities shown are the means±SE from four
independent experiments. ***p≤0.001 compared with basal conditions.
c, d Total adipocyte extracts were prepared and analysed by western
blotting for phosphorylation of AMPK (Thr172) and ACC (Ser80) and
for total ACC and AMPKα1 content. These blots are representative of at
least three independent experiments
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10 min at 4°C. A volume of 700 μl of supernatant fraction
was collected and neutralised with 10% (wt/vol.) KOH and
assayed for glycerol content (Glycerol Kit, Raisio Diagnostics
SPA, Ardea, Italy).

Measurement of cellular ATP content ATP content was
determined as described in Daval et al. [8].

Statistical analysis Results are expressed as the mean±SE.
The level of significance in the difference between groups
was calculated by one-way Anova analysis with corrections
for multiple comparisons using Bonferroni multiple range
test (Graph Pad Prism 3.0 software, Graphpad, La Jolla,
CA, USA). p<0.05 was considered statistically significant.

Results

Biguanides and thiazolidinediones activate AMPK in
human adipocytes Isolated human adipocytes were incu-
bated for 1 h in the presence of 500 μmol/l AICAR,
100 μmol/l phenformin (biguanide) or two structurally
different thiazolidinediones: pioglitazone and rosiglitazone
(each at 250 μmol/l) or for 4 h with 2 mmol/l metformin
(Fig. 1a–d). AMPK activity (Fig. 1a–b) and Thr172
phosphorylation (Fig. 1c–d) were strongly induced in human
adipocytes by AICAR, a well-known activator of AMPK.
The effects of biguanides (phenformin and metformin) and
thiazolidinediones (pioglitazone and rosiglitazone) on
AMPK activity and phosphorylation were comparable to
that observed with AICAR (Fig. 1a–d). As a consequence of
AMPK activation, ACC phosphorylation on serine 80
(Ser80) was increased by AICAR and by the different drugs
(Fig. 1c–d).

Biguanides and thiazolidinediones inhibit both β-adrenergic-
and ANP-stimulated lipolysis We then studied whether
biguanides or thiazolidinediones modulate the lipolytic
activity of human adipocytes (Fig. 2a–f). We first checked
that basal lipolysis was not modified by biguanides or
thiazolidinediones (Fig. 2a–b). Lipolysis was then stimulated
by addition of a β-agonist (isoprenaline) in the culture
medium of human adipocytes, pre-treated for 1 h with
pioglitazone, rosiglitazone or phenformin or pre-treated for
4 h with metformin. Lipolysis, measured by the content of
glycerol released in the culture medium, was stimulated
three- to fourfold by isoprenaline (Fig. 2c–d). As previously
reported in rodent adipocytes [8, 12, 13], isoprenaline-
induced lipolysis was inhibited by 50% in the presence of
AICAR (data not shown). A similar trend was observed in
adipocytes treated with phenformin, pioglitazone, rosiglitazone
or metformin, with a decrease in β-adrenergic-stimulated
lipolysis ranging from 50% to 30% (Fig. 2c–d).

As mentioned in the introduction to this paper, it has been
reported that in human fat cells, lipolysis can be stimulated by
atrial natriuretic peptide (ANP) through a cyclic GMP/PKG
signalling pathway independent of cyclic AMP production and
PKA activity [2]. In the following experiments, we tested
whether biguanides and thiazolidinediones can inhibit
lipolysis induced by ANP. As described above, adipocytes
were treated for 1 or 4 h with biguanides or thiazolidine-
diones before activation of lipolysis by ANP. ANP stimulated
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Fig. 2 Effects of biguanides and thiazolidinediones on basal,
isoprenaline- and ANP-stimulated lipolysis in isolated human adipo-
cytes. Human adipocytes were preincubated for 1 h in the presence of
100 μmol/l phenformin (Phen), 250 μmol/l pioglitazone (Pio) or
250 μmol/l rosiglitazone (Rosi) or 4 h in the presence of 2 mmol/l
metformin (Met). Lipolysis was measured without any stimulation
(a, b), or after stimulation for 1 h by 1 μmol/l isoprenaline (c, d) or
100 nmol/l ANP (e, f). Results are the means±SE from three
independent experiments for basal conditions, five independent experi-
ments for isoprenaline and three independent experiments for ANP.
†††p<0.001 for comparison of isoprenaline or ANP with basal
conditions. *p≤0.05, **p≤0.01 and ***p≤0.001 compared with con-
ditions with isoprenaline or ANP
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lipolysis in human fat cells to the same extent as isoprenaline
(Fig. 2e–f). As for isoprenaline-stimulated lipolysis, ANP-
stimulated lipolysis was decreased by pre-treatment with
thiazolidinediones or metformin (Fig. 2e–f).

Inhibition of lipolysis by thiazolidinediones and biguanides
is not linked to decreased PKA signalling One obvious
explanation of the decreased lipolysis by thiazolidinediones
and biguanides is that they interfere with the lipolytic
signal. In order to test this possibility, we analysed
downstream targets of isoprenaline-induced PKA activity,
namely CREB phosphorylation on Ser133 and phospho-
(Ser/Thr)-PKA substrates [11]. The phosphorylation of
CREB and PKA substrates was affected neither by AICAR
nor by thiazolidinediones and biguanides (Fig. 3a–b),
suggesting that PKA activity was not altered. The major
phosphorylated PKA substrate was found at around
65 kDa, which corresponds to the molecular weight of
perilipin, the predominant PKA substrate in adipocytes
[11].

AMPK is activated when lipolysis is induced in human
adipocytes We reported previously that in rat adipocytes
AMPK activity is stimulated under conditions of increased
cyclic AMP concentrations such as fasting [8]. Here we
show that it is also the case in human adipocytes in which
Thr172 AMPK phosphorylation is induced by treatment
with isoprenaline (Fig. 4a–b). In order to decipher whether
AMPK activation in adipocytes was linked to an increase in
lipolysis or to an increase in cyclic AMP concentrations, we
analysed the consequences of ANP on AMPK activation, as
ANP induces lipolysis by a pathway independent of cyclic
AMP. As shown in Fig. 4c–d, AMPK is phosphorylated in
adipocytes treated for 1 h with ANP, suggesting that AMPK
activation is linked to lipolysis induction rather than to
cyclic AMP production or PKA activation. Interestingly,
when AICAR, biguanides and thiazolidinediones were
added on top of isoprenaline (Fig. 4a–b) or ANP
(Fig. 4c–d), Thr172 AMPK phosphorylation was generally
greater than with these lipolytic agents alone.

Lipolysis induced by isoprenaline or ANP was con-
comitant with a reduced ATP concentration in adipocytes,
from 23.8±1.5 nmol/106 cells (n=3) in the basal state to 18.0
±1.0 nmol/106 cells (p<0.05, n=3) and 11.9±1.1 nmol/106

cells (p<0.001, n=3) in the presence of isoprenaline and
ANP, respectively.

Inhibition of lipolysis by thiazolidinediones and biguanides
is AMPK dependent Although we have shown (Figs. 1a–d
and 4a–d) that biguanides and thiazolidinediones can
activate AMPK in human adipocytes, these compounds
have many other effects not related to AMPK activation. In
order to establish that the decrease in the lipolytic rate

induced by these drugs is dependent on AMPK activation,
we inhibited AMPK with compound C, a reversible inhibitor
that is competitive with ATP [29]. Compound C was added
to the culture medium 2 h before the addition of the AMPK
activators. First, we checked whether compound C was able
to inhibit AMPK activation and ACC phosphorylation
induced by thiazolidinediones and biguanides in human
adipocytes. The effects of AICAR, phenformin, metformin
and thiazolidinediones on AMPK phosphorylation of Thr172
and on ACC phosphorylation of Ser80 were completely
blunted in the presence of compound C (Fig. 5a–b). Having
established that compound C blocks AMPK activation in
human adipocytes, we then analysed whether biguanides and
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Fig. 3 Effects of AICAR, biguanides and thiazolidinediones on
protein kinase A downstream targets in isolated human adipocytes.
Human adipocytes were preincubated for 1 h in the presence of
500 μmol/l AICAR, 100 μmol/l phenformin (Phen), 250 μmol/l piogli-
tazone (Pio), 250 μmol/l rosiglitazone (Rosi) or 4 h in the presence of
2 mmol/l metformin (Met) and then incubated for another hour with
1 μmol/l isoprenaline. Total adipocytes extracts were prepared and
analysed by western blotting for phosphorylation of CREB (Ser133), for
total CREB content and for phosphorylation of PKA substrates. These
blots are representative of two independent experiments
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thiazolidinediones were still able to inhibit lipolysis in its
presence. Adipocytes were sequentially treated with com-
pound C (2 h), then with thiazolidinediones and metformin
(1 and 4 h, respectively), and finally lipolysis was induced
either by isoprenaline or ANP (Fig. 6a–f). Compound C
itself had no effect on basal lipolysis (Fig. 6a) or on
phosphorylation of CREB and PKA substrates (Fig. 6b).

As shown previously in Fig. 2c–f, thiazolidinediones and
metformin reduced lipolysis induced by isoprenaline
(Fig. 6c–d) or by ANP (Fig. 6e–f). The inhibitory effect
of thiazolidinediones and metformin was reversed in the
presence of compound C (Fig. 6c–f), demonstrating that
inhibition of lipolysis by these drugs involves AMPK.

When compound C was added in the presence of
isoprenaline, ATP concentration further dropped from
18.0±1.0 nmol/106 cells (n=3) to 6.8 nmol/106 cells
(p<0.01, n=3), illustrating the importance of AMPK activa-
tion when lipolysis is stimulated in order to counteract the
energy drop.

Activation of AMPK during lipolysis could be the conse-
quence of FA re-esterification In rodent and human adipose
tissue, about 20–40% of FAs released during lipolysis are
re-esterified into triacylglycerols [30, 31]. In order to be
esterified, FAs are first activated into acyl-CoA by an acyl-
CoA synthetase in an enzymatic reaction in which ATP is
consumed and AMP generated. We hypothesised that, as in
rodent adipocytes, AMPK activation when lipolysis is
induced could be the consequence of FA re-esterification.
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100 μmol/l phenformin (Phen), 250 μmol/l pioglitazone (Pio), 250 μmol/l
rosiglitazone (Rosi) or 4 h in the presence of 2 mmol/l metformin (Met)

and then incubated for another hour with 1 μmol/l isoprenaline (a, b) or
100 nmol/l ANP (c, d). Total adipocyte extracts were prepared and
analysed by western blotting for phosphorylation of AMPK (Thr172) and
for total AMPKα1 content. These blots are representative of two
independent experiments
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Fig. 5 Effects of AICAR, biguanides and thiazolidinediones on AMPK
Thr172 and ACC Ser80 phosphorylation in the presence of compound C.
Human adipocytes were preincubated in the absence or presence of
compound C (50 μmol/l) for 2 h and then treated for 1 h with 500 μmol/l
AICAR, 100 μmol/l phenformin (Phen), 250 μmol/l pioglitazone (Pio),
250μmol/l rosiglitazone (Rosi) (a) or 4 h with 2 mmol/l metformin (Met)
(b). Total adipocyte extracts were prepared and analysed by western
blotting for phosphorylation of AMPK Thr172 and ACC Ser80 and for
total ACC and AMPKα1 content. These blots are representative of at
least three independent experiments

Diabetologia (2010) 53:768–778 773



To test this hypothesis, we inhibited acyl-CoA synthetase
by triacsin C [32] and analysed whether AMPK is
still activated by lipolytic agents. We first checked that
triacsin C does not interfere with PKA signalling, which
could artificially limit isoprenaline-induced lipolysis and
energy drain. As shown in Fig. 7a, triacsin C (10 μmol/l)
during 3 h before induction of lipolysis by isoprenaline did
not modify isoprenaline-induced phosphorylation of CREB
and PKA substrates. When adipocytes were treated with
triacsin C (10 µmol/l) during 3 h before induction of
lipolysis by isoprenaline and ANP (Fig. 7b), phosphoryla-

tion of AMPK was strongly reduced, suggesting that
activation of AMPK during the lipolytic process is at least
partly due to FA activation.

AICAR, biguanides and thiazolidinediones reduces the
ANP-induced translocation of HSL toward the lipid
droplet HSL is a key enzyme controlling lipolysis in
adipocytes. The activity of HSL is regulated acutely by
several mechanisms, including reversible phosphorylation
by a number of protein kinases and translocation from the
cytosol to the surface of the lipid droplet [33]. It has been
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Fig. 6 Effects of biguanides
and thiazolidinediones on basal,
isoprenaline- and ANP-
stimulated lipolysis in isolated
human adipocytes in the
presence of compound C. Hu-
man adipocytes were preincu-
bated in the absence or presence
of compound C (50 μmol/l)
for 2 h and then treated for 1 h
with 500 μmol/l AICAR,
250 μmol/l pioglitazone (Pio),
250 μmol/l rosiglitazone (Rosi)
or 4 h with 2 mmol/l metformin
(Met). Lipolysis was measured
in basal conditions (a) or
after stimulation for 1 h by
1 μmol/l isoprenaline (c, d) or
100 nmol/l ANP (e, f). Results
are the means±SE from three
independent experiments for
basal conditions, from five
independent experiments for
isoprenaline and three indepen-
dent experiments for ANP.
†††p<0.001 compared with basal
conditions. *p≤0.05, **p≤0.01
and ***p≤0.001 compared with
conditions with isoprenaline or
ANP. Human adipocytes were
preincubated in the absence or
presence of compound C
(50 μmol/l) for 2 h and treated
with 1 μmol/l isoprenaline for
1 h. Adipocyte extracts were
analysed by western blotting for
phosphorylation of CREB
Ser133, PKA substrate and for
total CREB content (b). These
blots are representative of two
independent experiments
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previously reported that the phosphorylation of rodent HSL
on Ser565 has no effect on HSL activity per se but
abolishes the activating phosphorylation on the adjacent
Ser563 [34], thus finally decreasing HSL activity.

We have shown previously in rodent adipocytes that
activation of AMPK phosphorylates HSL and impairs its
translocation to the lipid droplet [8]. We have analysed here
the effects of AMPK stimulation by ANP alone or ANP in
the presence of AICAR, biguanides or thiazolidinediones
on HSL phosphorylation and translocation to the lipid
droplet (Fig. 8a–e). Treatment of adipocytes with ANP
alone induces a phosphorylation of Ser554, the human
equivalent of rodent Ser565 [35, 36] (Fig. 8a–b) and a
translocation of HSL from the cytoplasm to the lipid droplet

(Fig. 8c–e). Interestingly, when AICAR, biguanides and
thiazolidinediones are added together with ANP, phosphory-
lation of HSL Ser554 is more marked, and this is probably
related to the higher AMPK activation (see Fig. 4a–d). This is
concomitant with a reduced translocation of HSL from the
cytoplasm to the lipid droplet.

Discussion

In the present work, we show for the first time that in
human adipocytes activation of AMPK is able to reduce
lipolysis and that drugs used as hypoglycaemic agents,
biguanides and thiazolidinediones, are able to counteract
lipolysis through the activation of AMPK and decreased
HSL translocation to the lipid droplet. In addition,
β-agonist- or ANP-stimulated lipolysis increases AMPK
activity. This is probably due to a decrease in ATP and
increase in AMP, linked to activation of some of the
hydrolysed fatty acids into acyl-CoA rather than through an
effect based on cyclic AMP generation and PKA activity.

The lipolytic process in humans is of utmost importance
for metabolic homeostasis during periods of fasting and
during exercise. In addition, an overflow of FAs in plasma
together with a reduced tissue oxidation is a major factor in
the development of abnormalities such as insulin resistance
and type 2 diabetes observed in overweight individuals.
Widely used hypoglycaemic drugs, thiazolidinediones and
metformin, are known to reduce the concentration of
plasma FAs. It is generally assumed that thiazolidinediones
act through the activation of peroxisome proliferator-
activated receptor gamma (PPARG), which then modulates
a cluster of genes, resulting in the channelling of FAs
towards adipose tissue rather than to muscle and liver, thus
reducing overall lipotoxicity and improving insulin sensi-
tivity [37]. Interestingly, an activation of AMPK by
thiazolidinediones independently of PPARG has been
described in in-vitro experiments [38, 39] as well as an
in-vivo activation of adipose tissue AMPK in rodents after
thiazolidinedione treatment [25, 26]. The mechanism by
which metformin lowers plasma FAs can be related to the
finding that, by activating AMPK in the liver [29], it
reduces the lipogenic pathway and activates fatty acid
oxidation.

We propose here a new hypothesis in order to explain
how these hypoglycaemic drugs reduce plasma non-
esterified fatty acids in humans. They could restrain
lipolysis in adipocytes by a pathway involving AMPK.
Indeed, they both induce an activation of AMPK, as shown
by the increased AMPK Thr172 phosphorylation, and
phosphorylation of ACC, a target of AMPK. In addition,
their anti-lipolytic effect is antagonised by compound C, an
inhibitor of AMPK. The present results are supported by
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Fig. 7 Effects of isoprenaline- and ANP-stimulated lipolysis on
AMPK activation in human adipocytes in the absence or presence of
triacsin C. Human adipocytes were preincubated for 3 h in the absence
or presence of triacsin C (10 μmol/l) before addition of 1 μmol/l
isoprenaline for 1 h. Adipocyte lysates were analysed by western blotting
for phosphorylation of CREB Ser133, for total CREB content and for
phosphorylation of PKA substrates (a). Human adipocytes were
preincubated for 3 h in the absence or presence of triacsin C
(10 μmol/l) before addition of 1 μmol/l isoprenaline or 100 nmol/l
ANP for 1 h. Total lysates were analysed by western blotting for
phosphorylation of AMPK Thr172 or ACC Ser80 and total ACC and
AMPKα1 content (b). These blots are representative of two independent
experiments
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results showing an anti-lipolytic effect of both metformin and
the related biguanide phenformin in rodent adipocytes [8, 40],
attributed for the latter drug to an activation of AMPK.
Moreover, in humans, a perfusion of metformin in micro-
dialysis experiments has an anti-lipolytic effect [22, 41].

Nevertheless, one must be extremely cautious when
extrapolating in-vitro studies to the in-vivo situation. Although
in the range of concentrations used in most in-vitro studies
establishing their role in cellular metabolism [29, 38, 39, 42],
we have used here drug concentrations well above plasma
circulating concentrations of treated patients. For instance, the
concentration for 1 h incubation with thiazolidinediones and
4 h with metformin corresponds approximately to a 10- to
15-fold higher exposure (concentration×time) than in patients
in one day having the usual treatment [43, 44].

In rodent adipocytes, the pro- or anti-lipolytic role of
AMPK is a disputed issue. It was originally proposed [12, 13]

that AICAR-induced AMPK activity could reduce the
lipolytic rate of rodent adipocytes. However, some studies
have described a pro-lipolytic role for AMPK [9, 10], or an
absence of effect [45]. We have demonstrated [8] by
manipulating AMPK activity using dominant positive and
negative forms of the kinase that AMPK is inhibitory in
mature adipocytes. More recent studies have confirmed that
AMPK activation inhibits the lipolytic pathway in rodent
adipocytes [11, 14].

Concerning the mechanism by which AMPK could
restrain lipolysis, an effect of AMPK on HSL activation
has been described in rodent adipocytes [8, 12, 14]. AMPK
phosphorylates Serine 565 of HSL, potentially precluding
phosphorylation of other serine residues crucial for activa-
tion of the enzyme [46]. HSL translocation to the lipid
droplet is also an important activatory mechanism [47, 48]
and we have shown in rodent adipocytes a decreased
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Fig. 8 Effects of AICAR, biguanides and thiazolidinediones on HSL
phosphorylation and translocation in the presence of ANP. Human
adipocytes were preincubated for 1 h in the presence of 500 μmol/l
AICAR, 100 μmol/l phenformin (Phen), 250 μmol/l pioglitazone (Pio),
250 μmol/l rosiglitazone (Rosi) or 4 h with 2 mmol/l metformin (Met)
then 100 nmol/l ANPwas added for 1 h. Adipocyte lysates were prepared
and analysed by western blotting for phosphorylation of HSL Ser554 and
for total HSL and ATGL content (a, b). These blots are representative of
two independent experiments. Human adipocytes were preincubated for

1 h in the presence of 500 μmol/l AICAR, 100 μmol/l phenformin
(Phen), 250 μmol/l pioglitazone (Pio), 250 μmol/l rosiglitazone (Rosi)
or 4 h with 2 mmol/l metformin (Met), then 100 nmol/l ANP was added
for 10 min. Lipid droplets and cytosol fractions were isolated as
described in Methods. Using electrophoresis, 2 μg of proteins from the
lipid droplet fraction and 2 µg of cytosolic proteins were separated and
analysed for HSL, perilipin and β-actin levels using specific antibodies
(c, e)
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translocation of HSL to the lipid droplet when AMPK is
activated [8]. We describe here a similar phenomenon in
human adipocytes when AMPK is activated by AICAR,
biguanides and thiazolidinediones. Obviously this does not
preclude the idea that in addition to HSL other targets are
also involved in the effects of AMPK: for instance, perilipin
or ATGL. The fact that lipolytic agent-induced HSL
translocation is one of the targets of AMPK could explain:
(1) why there is no major effect of the drugs on basal
lipolysis; and (2) why this mechanism works on both
isoprenaline- and ANP-induced lipolysis, because, despite
different signalling, the actions of these two factors
converge towards HSL translocation.

An important aspect of the present study is the fact that
lipolysis itself induces an activation of AMPK in human
adipocytes, whatever the lipolytic signal, β-agonists or
ANP. In rodents there is also a general consensus to
describe an activation of AMPK in adipose tissue following
induction of lipolysis [7–11]. Although lipolysis per se does
not require energy, the lipolytic process is concomitant with
decreased ATP concentrations in rodent adipocytes [11, 49].
We show here that it is also the case in human adipocytes,
and this can explain AMPK activation. AMPK activation
when lipolysis is stimulated could contribute to the
preservation of energy in the adipocytes by restraining the
lipolytic process. It is interesting to note that when AMPK
activity is inhibited by compound C, the decreased ATP
concentration seen in the presence of a lipolysis activator is
much more marked (the present study). As proposed by
Gauthier et al. [11], AMPK could be viewed as a rheostat,
the degree of its activation being related to the rate of
lipolysis in order to protect the adipocyte from further
energy drain. In rodents, it has been suggested that the re-
esterification process of part of the hydrolysed FAs that
requires energy for acyl-CoA synthesis could explain the
energy drain concomitant with lipolysis [11]. This scheme
could also be the case in human adipocytes, as: (1) AMPK
is activated whatever the lipolytic signal (β-agonists or
ANP, which act through different effectors (respectively
cyclic AMP/PKA and cyclic GMP/PKG)); (2) AMPK
activation disappears when acyl-CoA synthesis is precluded
by triacsin C.

ANP was proposed as part of an homeostatic loop acting
in conjunction with the sympathetic nervous system in
order to provide energy in stressed situations such as
exercise [2]. During exercise, ANP is released from the
heart and contributes together with the sympathetic nervous
system to lipid mobilisation by adipose tissue. In humans,
ANP could then contribute to exercise-induced lipolysis.
We show here that under conditions of ANP-induced
lipolysis, AMPK is also activated, demonstrating that
AMPK activation is a general process when lipolysis is
induced in adipose tissue. In humans, there are only a few

studies addressing the question of AMPK activation by
exercise in adipose tissue. AMPK Thr172 phosphorylation
was found to be increased in the subcutaneous adipose
tissue of individuals exercising for 90 min at 60%

:
VO2max,

inducing an increased plasma fatty acid concentration [45]
whereas no change was found for AMPK activity in the
study of Kristensen et al. [50] for an exercise of similar
intensity but for a shorter period (40 to 60 min) and for
which plasma FA concentrations were not reported. Clearly
this must be further documented.

In conclusion, knowing the general role of AMPK in cell
biology, our studies suggest that in human adipocytes,
AMPK activation is a key process for maintaining energy
homeostasis when lipolysis is activated. Diverting this
process through specific activators of AMPK could be an
interesting means of reducing plasma FA availability and
hence improving insulin sensitivity.
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