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effects by interacting with the glycoprotein 130 (gp130)/
leukemia inhibitory factor receptor heterodimer ( 1 ). Adi-
pose tissue has been identifi ed as a source of CT-1 ( 2 ), and 
this cytokine is capable of activating major signaling path-
ways involved in metabolic control in adipocytes   ( 3 ). 
Moreover, it has been reported that CT-1 levels are raised 
in obesity and metabolic syndrome ( 2 ), suggesting that 
CT-1 could be a new marker for obesity and related dis-
eases. A recent study by our group has revealed that CT-1 
is a key regulator of energy homeostasis, as well as of glu-
cose and lipid metabolism ( 4 ). Thus, chronic recombi-
nant CT-1 (rCT-1) treatment reduced body weight and 
corrected insulin resistance in  ob/ob  and high-fat-fed obese 
mice by reducing food intake and enhancing energy ex-
penditure. Moreover, rCT-1 induced dramatic white adi-
pose tissue remodeling characterized by the upregulation 
of genes implicated in the control of fatty acid oxidation, 
mitochondrial biogenesis, and lipolysis. In this context, it 
has been reported that adipocytes from rCT-1-treated 
mice exhibited an increased lipolytic response to isopro-
terenol, while adipocytes from old obese  CT-1 -null mice 
responded poorly to isoproterenol, suggesting that CT-1 
might play a role in the regulation of lipolysis ( 4 ). How-
ever, the mechanism underlying the lipolytic action of 
CT-1 still remains unknown. 

 During lipolysis, intracellular triacylglycerol (TAG) is 
hydrolyzed through the consecutive action of three major 
lipases: adipose triglyceride lipase (ATGL/desnutrin), 
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 rCT-1 
 rCT-1 was obtained as described elsewhere ( 16 ) and contained 

<0.04 ng LPS per 1  � g of the protein as determined by the Limu-
lus amoebocyte lysate assay (Cambrex, East Rutherford, NJ). 

 In vitro treatments 
 The inhibitors H89 (Santa Cruz Biotechnology, Santa Cruz, CA) 

and KT5823 (Calbiochem, La Jolla, CA) were dissolved in DMSO. 
The AMPK activator, aminoimidazole carboxamide ribonucleotide 
(AICAR) (Sigma), was dissolved in ultra-purifi ed water. All com-
pounds were prepared as 1,000× stock solutions and added to the 
culture medium. Control cells were treated with the same amount 
of vehicle (DMSO and/or ethanol). 

 Prior to the addition of the appropriate treatments, cells were 
serum starved for 4 h using the medium DMEM supplemented 
with 0.1% FBS and then treated with or without rCT-1 (1–40 ng/ml) 
during different time intervals (1–24 h). To analyze the signaling 
pathways involved in the lipolytic actions of rCT-1, adipocytes were 
preincubated for 1 h in presence or absence of specifi c inhibitors 
or activators (1  � M of PKA inhibitor H89, 2 mM of AMPK activator 
AICAR, and 1  � M of PKG inhibitor KT5823) before the addition 
of rCT-1 to the treated wells, as described elsewhere ( 15 ). 

 Animal experiments 
 Eight-week-old male  ob/ob  (C57BL/6J background) mice were 

supplied by the Janvier Laboratory (Le Genest St. Isle, France). 
rCT-1 (0.2 mg/kg of body weight) was administered intrave-
nously (retro-orbital injection) and animals were euthanized 30 
min after administration. Control mice were injected with vehi-
cle (saline). At the indicated time point, mice were euthanized 
and epididymal fat was snap-frozen in liquid nitrogen and stored 
at  � 80°C for subsequent analysis. All experimental procedures 
were performed according to the institutional guidelines for the 
use of laboratory animals and approved by the University of Na-
varra Ethics Committee. 

 Determination of lipolysis in 3T3-L1 adipocytes 
 Lipolysis was evaluated by the biochemical determination of 

the amount of glycerol and FFAs released into the culture media. 
Glycerol measurements were performed after 1, 2, 12, 18, and 
24 h of rCT-1 treatment using the Pentra C200 autoanalyzer (Roche 
Diagnostic, Basel, Switzerland), following manufacturer’s in-
structions. FFAs were evaluated after 3 h of rCT-1 treatment by 
using a lipolysis assay kit for FFAs detection (Zen-Bio Inc., Re-
search Triangle Park, NC) according to the manufacturer’s in-
structions. TAG, DAG, and MAG levels were also determined by 
TLC. Briefl y, cell lysates were mixed with an equal amount of 
chloroform/methanol (2:1; v/v). After vortexing for 1 min and 
resting for 10 min, the samples were centrifuged for 10 min. Or-
ganic layers were collected and vacuum dried. The pellets re-
solved in 40  � l chloroform/methanol (1:1, v/v) were applied as 
5 mm spots to high-performance TLC (HPTLC)-silica gel with an 
aluminum backing (Merck, Darmstadt, Germany). The HPTLC 
plates were developed with a solvent system (hexane:diethyl 
ether:acetic acid, 70:30:1, v/v/v) at room temperature. The plate 
was dried and placed in a system with iodine salt vapor (Panreac, 
Barcelona, Spain) until the lipids were visible. Identities of the 
stained lipids were determined by referring to standards. Bands 
corresponding to TAG, DAG, and MAG were scraped from the 
plate and quantifi ed using the ABX Pentra triglyceride CP 
(Horiba, Montpellier, France). For the determination of free 
cholesterol, the pellets were resolved using isopropanol, and free 
cholesterol was determined by the Wako Free Cholesterol E test 
(Wako, Neuss, Germany) ( 17 ). 

hormone sensitive lipase (HSL), and monoacylglycerol 
(MAG) lipase. ATGL exhibits higher substrate specifi city 
for TAG than diacylglycerol (DAG), and selectively assumes 
the fi rst step in TAG hydrolysis resulting in the formation of 
DAG and fatty acid ( 5 ). ATGL lipolytic activity is coactivated 
by the protein comparative gene identifi cation-58 (CGI-58), 
whereas it is inhibited by the protein G0/G1 switch gene 2 
(G0S2) ( 6, 7 ). Moreover, recent fi ndings describe how 
ATGL can also be regulated through phosphorylation by 
AMPK at Ser406, stimulating its lipolytic activity ( 8 ). 

 It is well-known that the activity of HSL is controlled 
postranscriptionally through reversible phosphorylation. 
Experiments in murine adipocytes have demonstrated 
that Ser563, Ser659, and Ser660 are the major protein ki-
nase (PK)A phosphorylation sites, which are essential for 
the translocation of HSL to the lipid droplet surface and 
for stimulation of HSL ( 9 ). Besides PKA phosphorylation, 
HSL can also be phosphorylated by other kinases, such as 
ERK, which phosphorylates HSL at Ser600, increasing li-
polysis ( 10 ). Another serine residue (Ser565) is a substrate 
of AMPK, which phosphorylates HSL preventing PKA-
mediated activation of HSL by phosphorylation ( 11 ). 

 Perilipin A is a protein associated with the cytoplasm 
side of the lipid droplets ( 12 ). Under basal conditions, 
perilipin A maintains a low rate of basal lipolysis by seques-
tering CGI-58 ( 13 ) and by restricting the access of cyto-
solic lipases to the lipid droplet. However, cAMP-mediated 
activation of PKA induces conformational changes in per-
ilipin A, facilitating the translocation of phosphorylated 
HSL from the cytoplasm to the lipid droplet surface and 
enhancing the lipolytic process ( 14 ). 

 Based on these previous fi ndings, we aimed at analyzing 
whether the lipolytic actions of rCT-1 in adipocytes are medi-
ated by changes in the regulation of the major lipases and 
lipid droplet proteins involved in the hydrolysis of TAG, and 
to characterize the major signaling pathways implicated. 

 MATERIALS AND METHODS 

 Cell culture and differentiation of 3T3-L1 cells 
 Mouse embryo fi broblast 3T3-L1 cells (American Type Cul-

ture Collection, Rockville, MD) were cultured in DMEM contain-
ing 25 mM glucose, 10% (v/v) calf bovine serum (Invitrogen, 
Carlsbad, CA), and 1% (v/v) penicillin/streptomycin (Invitro-
gen), and maintained in an incubator set to 37°C and 5% of car-
bon dioxide. At confl uence, preadipocytes were cultured for 48 h 
in DMEM (Invitrogen) containing 25 mM glucose, 10% FBS (In-
vitrogen), and antibiotics, and supplemented with dexamethasone 
(1 mM; Sigma, St. Louis, MO), isobutylmethylxantine (0.5 mM; 
Sigma), and insulin (10  � g/ml; Sigma). After that, cells were cul-
tured with 10% FBS and insulin for 48 h and then media were 
replaced with 10% FBS in DMEM and antibiotics, but without 
insulin, and these media were changed every 2 days until day 8 
postconfl uence, when cells attained the morphology and typical 
features of mature adipocytes ( 15 ). 



2636 Journal of Lipid Research Volume 55, 2014

Amaxa® Cell Line Nucleofector® kit L with the Nucleofector® II 
system (Lonza, Basel, Switzerland) using the recommended set-
tings according to the manufacturer’s protocol. The transfected 
cells were seeded in 6-well plates, and experiments were con-
ducted after 24 h incubation. 

 Analyses of mRNA levels 
 Total RNA was extracted with TRIzol (Invitrogen) and real-

time PCR was performed using iCycler (Bio-Rad) and iQ SYBR 
Green Supermix (Bio-Rad). For relative quantitation of gene ex-
pression, we used the comparative Ct method [2  � Ct , where  � Ct 
represents the difference in threshold cycle between the target 
and control genes (cyclophilin)]. Primers were designed accord-
ing to published cDNA or genomic sequences. 

 Statistical analysis 
 Data are presented as mean ± SEM. Comparisons between the 

values for different variables were analyzed by one-way ANOVA 
followed by Bonferroni post hoc tests or by Student’s  t -tests or 
Mann-Whitney U-tests once the normality had been screened us-
ing Kolmogorov-Smirnoff and Shapiro-Wilk tests. Statistical 
analyses and graphs were carried out using GraphPad Prism 
5 software (Graph-Pad Software Inc., San Diego, CA). Overall, a 
 P  value <0.05 was considered signifi cant. 

 RESULTS 

 Effects of rCT-1 on lipolysis in 3T3-L1 adipocytes 
 The incubation with rCT-1 (1–20 ng/ml) signifi cantly 

increased basal glycerol released to the media in a dose-
dependent manner after 18 h of treatment. Similar effects 
on glycerol release were observed for IL-6 (  Fig. 1A  ).  Fur-
thermore, the effect of rCT-1 (20 ng/ml) on lipolysis was 
time-dependent. As shown in  Fig. 1B , a signifi cant increase 
in glycerol release was seen in the rCT-1-treated group af-
ter 12 h ( P  < 0.01) of incubation onwards, and this increase 
continued for up to at least 24 h ( P  < 0.001). However, af-
ter 3 h treatment, a signifi cant concentration-dependent 
increase in the amount of FFAs released was already ob-
served in rCT-1-treated adipocytes ( P  < 0.05) ( Fig. 1C ). 
Moreover, we also measured the intermediary metabolites 
after total lipid separation by HPTLC. Our data revealed 
that rCT-1 treatment did not induce any signifi cant change 
in DAG and MAG levels, suggesting that the major prod-
ucts of rCT-1-induced TAG hydrolysis are FFAs and glyc-
erol. Finally, because it has been described that in some 
tissues HSL also has lipolytic activity against cholesteryl 
esters ( 18 ), intracellular free cholesterol levels were tested. 
However, rCT-1-treated adipocytes showed no changes in 
intracellular free cholesterol (supplementary Fig. I). 

 Effects of rCT-1 on the main proteins involved 
in lipolysis control 

 For a better understanding of the mechanisms involved 
in CT-1 lipolytic actions, we fi rst tested in 3T3-L1 adipo-
cytes the effects of rCT-1 on ATGL, the enzyme that pre-
dominantly catalyzes the initial step in TAG hydrolysis ( 5 ). 
rCT-1 treatment for 1 and 2 h did not modify ATGL levels, 
but at 24 h the adipocytes treated with the cytokine exhibited 

 Ex vivo lipolysis assay in epididymal adipose tissue 
explants 

 Epididymal fat pads were surgically removed from overnight-
fasted mice treated with either rCT-1 (0.2 mg/kg of body weight) 
or vehicle for 30 min. Fat pads of approximately 100 mg were 
minced into small pieces and incubated in 6-well plates with 1 ml 
of HEPES phosphate buffer (pH 7.4) (containing 5 mM D-glucose, 
2% BSA, 135 mM NaCl, 2.2 mM CaCl 2 ·2H 2 O, 1.25 mM 
MgSO 4 ·7H 2 O, 0.45 mM KH 2 PO 4 , 2.17 mM Na 2 HPO 4 , and 10 mM 
HEPES) at 37°C. Media samples were collected at 1 h and 2 h of 
incubation. Glycerol content was quantifi ed as described above 
and normalized by protein content. 

 Determination of FFAs in serum samples 
 Serum FFAs were measured in mice fasted for 16 h, before and 

after 30 min treatment with vehicle or rCT-1 (0.2 mg/kg of body 
weight). FFAs were quantifi ed using a Pentra C200 autoanalyzer 
(Roche Diagnostic, Basel, Switzerland), following manufacturer’s 
instructions. 

 Western blot analysis 
 3T3-L1 cell lysates were obtained by the addition of a buffer 

containing 2 mM Tris HCl (pH 8), 137 mM NaCl, 2 mM EDTA, 
1% protease inhibitor cocktail 1 (Sigma), 2 mM orthovana-
date, and 1 mM PMSF. In  ob/ob  mice, tissue samples were 
thawed and homogenized in lysis buffer [50 mM HEPES (pH 
7.4), 1% Triton X-100, 0.1 M sodium fl uoride, 10 mM EDTA, 
50 mM sodium chloride, 10 mM orthovanadate, 0.1% SDS, 
and protease inhibitor cocktail (Roche)]. In both cases, sam-
ples were centrifuged and protein concentrations were deter-
mined by the BCA method according to the supplier’s 
instructions (Pierce-Thermo Scientifi c, Rockford, IL). Briefl y, 
equivalent amounts of total protein (25–50  � g) were electro-
phoretically separated by 12–15% SDS-PAGE in the presence 
of a reducing agent (2-mercaptoethanol). Proteins were elec-
troblotted from the gel to polyvinylidene difl uoride mem-
branes (GE Healthcare Europe GmbH, Barcelona, Spain). 
Following the transfer of proteins, the membranes were 
blocked and probed with specifi c primary antibodies against 
phospho-HSL (Ser563), phospho-HSL (Ser565), phospho-
HSL (Ser660), ATGL, phospho (Ser/Thr) PKA substrate, per-
ilipin (Cell Signaling Technologies, Danvers, MA), G protein 
 �  S (G s  � ), G protein  �  inhibitor 1+2 (Gi) (Abcam, Cambridge, 
UK), phosphodiesterase 3B (PDE3B) (Phospho) (Acris Anti-
bodies, Herford, Germany), adipocyte phospholipase A2 
(AdPLA) (Cayman Chemical, Ann Arbor, MI), and  � -actin 
(Sigma). After that, membranes were hybridized with horse-
radish peroxidase-conjugated secondary antibody (Sigma) for 
1 h and then were revealed with the SuperSignal kit revelation 
solution (Pierce Biotechnology, Rockford, IL) following the 
manufacturer’s protocol. The results were analyzed by densi-
tometry using the GS-800 calibrated densitometer (Bio-Rad, 
München, Germany). 

 cAMP assay 
 The cAMP Direct EIA kit (Arbor Assay, Ann Arbor, MI) was 

used to quantify the amount of intracellular cAMP after 24 h of 
control or rCT-1 treatment (20 ng/ml) in 3T3-L1 adipocytes. 

 siRNA experiments 
 The predesigned siRNA specifi c to PKA (Silencer Select 

siRNA) and control siRNA (Silencer Select Control siRNA) were 
purchased from Ambion (Ambion Inc., Austin, TX), and siRNA 
specifi c to HSL and control were obtained from Santa Cruz. 
Transfection of 3T3-L1 adipocytes was performed using the 
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data revealed that rCT-1-induced glycerol release was al-
most completely abolished after silencing of HSL expres-
sion in adipocytes ( Fig. 3B ). 

 Finally, we also analyzed the effects of rCT-1 on perilipin 
A, an essential lipid droplet-associated protein, whose 
phosphorylation (PKA-dependent) is essential for the 
translocation of HSL from the cytosol to the lipid droplet 
surface ( 19 ). Using a perilipin-specifi c antibody and a 
phospho-PKA-motif-specifi c substrate antibody ( 15, 20 ), 
our data showed that rCT-1 caused a signifi cant increase 
( P  < 0.05) in the phospho-PKA substrate/perilipin ratio 
after 24 h of treatment ( Fig. 3C ), suggesting the involve-
ment of PKA activation in the lipolytic actions of CT-1 in 
cultured adipocytes. 

 Characterization of the signaling pathways involved in the 
lipolytic actions of CT-1 

 Several signaling pathways have been found to be in-
volved in the regulation of lipolysis, including cAMP/PKA, 
AMPK, and cyclic guanosine monophosphate (cGMP)-
dependent protein kinase-I by different lipolytic/antilipo-
lytic agents ( 21 ). Our data demonstrated that lipolytic 
actions of rCT-1 were completely reversed ( P  < 0.001) by 
pretreatment with the PKA inhibitor H89 (  Fig. 4A  ).  More-
over, the blocking of PKA also reversed rCT-1-induced 
phosphorylation of perilipin and HSL at Ser660 ( P  < 
0.001) ( Fig. 4B ). The involvement of PKA in the lipolytic 
action of rCT-1 was further supported by the fact that si-
lencing of PKA expression using siRNA dramatically de-
creases rCT-1-stimulated glycerol release in adipocytes 
( Fig. 4C ). Because these data suggest that CT-1 lipolytic 
actions take place by activation of the cAMP/PKA pathway, 
we also tested the effects of rCT-1 on cAMP, showing a sig-
nifi cant ( P  < 0.01) increase in cAMP levels in rCT-1-treated 

a signifi cant ( P  < 0.05) decrease in ATGL protein levels 
(  Fig. 2A, B  ).  ATGL activity is regulated by CGI-58 (activa-
tor) and G0S2 (inhibitor) via noncompeting mechanisms 
( 6 ). Our data provided evidence that in parallel with the 
inhibition of ATGL, rCT-1 treatment increased the con-
tent of the ATGL inhibitor G0S2 ( P  < 0.05) after 24 h of 
treatment ( Fig. 2A, D ), while it did not signifi cantly mod-
ify CGI-58 levels ( Fig. 2A, C ). 

 We next evaluated the effects of rCT-1 on HSL, a key li-
pase regulated by reversible phosphorylation ( 9 ). Our 
data revealed that rCT-1 (20 ng/ml) treatment increased 
the phosphorylation of HSL at Ser660 (which promotes its 
lipolytic activity), being signifi cant after 2 ( P  < 0.05) and 
24 h ( P  < 0.05) of treatment. However, rCT-1 did not mod-
ify the phosphorylation of HSL at Ser563 or Ser565 (  Fig. 
3A  ).  To better characterize the involvement of HSL activa-
tion in the lipolytic actions of rCT-1, we tested the effect of 
the cytokine in HSL depleted adipocytes using siRNA. Our 

  Fig.   1.  CT-1 induces lipolysis in differentiated 3T3-L1 adipocytes. 
A: Fully differentiated 3T3-L1 adipocytes were serum starved for 
4 h and then treated with various concentrations of rCT-1 (1, 10, 
20, and 40 ng/ml) or IL-6 (20 ng/ml) for 18 h, and the amount of 
glycerol released into the media was measured. B: Time-response 
effects of rCT-1 (20 ng/ml) treatment on glycerol release. C: Dose-
dependent effects of rCT-1 on FFAs release in adipocytes after 3 h 
of treatment. Data are mean ± SEM (n = 5–7). * P  < 0.05, ** P  < 0.01, 
*** P  < 0.001 compared with control (C) group.   

  Fig.   2.  ATGL is downregulated after 24 h of rCT-1 treatment. A: 
Representative Western blot and (B–D) densitometric analysis of 
ATGL (B), CGI-58 activator of ATGL (C), and G0S2 inhibitor of 
ATGL (D) in differentiated 3T3-L1 adipocytes treated with rCT-1 
(20 ng/ml) or vehicle (Control) for 24 h. Band intensities for ATGL, 
CGI-58, and G0S2 were normalized to actin. Data are expressed as 
mean ± SEM (n = 4–7). * P  < 0.05 compared with vehicle-treated cells.   
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as well as the phosphorylation of Ser660 HSL ( P  < 0.05) 
and perilipin ( P  < 0.01) ( Fig. 4A, B ). On the other hand, 
pretreatment with PKG inhibitor KT5823 did not mod-
ify the stimulatory action of rCT-1 on glycerol release 
( Fig. 4A ) or the phosphorylation of HSL and perilipin 
( Fig. 4B ). 

 In vivo effects of rCT-1 treatment on HSL, perilipin, 
ATGL, CGI-58, and G0S2 in adipose tissue of mice 

 Finally, we aimed to analyze whether the effects of rCT-1 
on lipolysis observed in cultured adipocytes were also re-
produced in adipose tissue after in vivo administration of 
the cytokine in mice. Interestingly, we found that rCT-1 

adipocytes (  Fig. 5A  ).  In order to elucidate the mechanisms 
by which rCT-1 increases cAMP levels in adipocytes, we 
tested the effects of the cytokine on G protein-receptor 
complexes regulating adenylate cyclase. As shown in  Fig. 
5B , treatment with rCT-1 induced a signifi cant increase in 
protein expression of G s  � , a protein which couples stimu-
latory receptors to adenylyl cyclase, whereas no changes 
were observed in Gi protein, which inhibits adenylyl cy-
clase. Moreover, neither the levels of phospho-PDE3B nor 
the levels of AdPLA were modifi ed by rCT-1   (supplemen-
tary Fig. IIA, B). 

 Treatment with the AMPK activator, AICAR, was also 
able to prevent the stimulation of glycerol release ( P  < 0.001), 

  Fig.   3.  HSL is involved in rCT-1-induced lipolysis. A: Representative Western blot and densitometric analy-
sis of HSL phosphorylation at Ser660, Ser563, and Ser565 in differentiated 3T3-L1 adipocytes normalized by 
total HSL protein. B: rCT-1-stimulated lipolysis is prevented by siRNA knock-down of HSL. mRNA levels, 
protein expression of HSL, and glycerol release in 3T3-L1 adipocytes transfected with control siRNA (SC) or 
siRNA targeting endogenous HSL in the presence or absence of rCT-1 for 24 h. C: Adipocyte lysates were 
immunoblotted using a phospho-PKA-motif-specifi c antibody, and the blots were stripped and reprobed with 
antiperilipin antibodies to detect native perilipins. Band density was quantifi ed, and data were expressed as 
phospho-PKA (p-PKA) substrate/perilipin ratio. Results are expressed as mean ± SEM. (n = 4–7). * P  < 0.05, 
** P  < 0.01, *** P  < 0.001 versus control (vehicle-treated cells); † P  < 0.05 compared with CT-1-treated cells.   
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PKA pathway in the lipolytic action of CT-1. A statistically 
signifi cant increase ( P  < 0.05) in ATGL protein levels was 
also found in epididymal fat of  ob/ob  mice after 30 min of 
rCT-1 treatment, whereas neither the activator (CGI-58), 
nor the inhibitor (G0S2) of ATGL activity showed any 
changes after rCT-1 treatment ( Fig. 6B ). These facts sug-
gest the ability of rCT-1 to promote lipolysis in vivo.  In 
support of this, we found that the administration of rCT-1 

treatment (0.2 mg/kg) for 30 min induced a signifi cant 
increase in HSL phosphorylation at both Ser660 ( P  < 0.05) 
and Ser563 ( P  < 0.001) as compared with control mice. 
However, AMPK-mediated phosphorylation of HSL on 
Ser565, which prevents HSL activation, was signifi cantly 
( P  < 0.001) decreased. Moreover, rCT-1 treatment boosted 
( P  < 0.05) PKA-mediated phosphorylation of perilipin 
(  Fig. 6A  ). These results further support the key role of the 

  Fig.   4.  PKA signaling pathway is involved in the lipolytic action of rCT-1. A: Effects of rCT-1 (20 ng/ml) 
treatment on glycerol release in differentiated 3T3-L1 adipocytes pretreated for 1 h in the presence or ab-
sence of PKA inhibitor H89 (1  � M), AMPK activator AICAR (2 mM), and PKG inhibitor KT5823 (1  � M), 
and then exposed to rCT-1 (20 ng/ml) or vehicle (DMSO) for 24 h. B: Representative Western blot and 
densitometric analysis of phospho-HSL660 (p-HSL660), phospho-HSL563 (p-HSL563) normalized by total 
HSL protein, and phospho-PKA (p-PKA) substrate/perilipin ratio. C: rCT-1-stimulated lipolysis is prevented 
by siRNA knock-down of PKA. mRNA levels of PKA and glycerol release in samples transfected with control 
siRNA (SC) or siPKA in either the absence or presence of rCT-1 for 24 h. Data are expressed as mean ± SEM 
(n = 3–7). * P  < 0.05, ** P  < 0.01, *** P  < 0.001 compared with control (vehicle-treated cells); † P  < 0.05, †† P  < 
0.01, ††† P  < 0.001 compared with rCT-1-treated cells.   
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In fact, a different time-response pattern for Ser563 and 
Ser660 phosphorylation has been described at diverse 
times during/after exercise in human adipose tissue. 
Moreover, a differential response in HSL phosphorylation 
was observed for Ser563 and Ser660 after treatment with 
 � -adrenergic and AMPK stimulation in 3T3-L1 adipocytes 
( 9 ). These facts suggest that although PKA is able to stimu-
late the phosphorylation of both Ser residues of HSL, the 
magnitude and time-response pattern could be different. 

 Other fi ndings also support the view that the CT-1-
induced lipolysis is secondary to the activation of the cAMP/
PKA pathway:  i ) CT-1 increases cAMP intracellular con-
tent;  ii ) CT-1 promotes PKA-mediated phosphorylation of 
perilipin, enabling the translocation of phosphorylated 
HSL from the cytoplasm to the lipid droplet surface ( 22 ); 
 iii ) the PKA inhibitor, H89, blunts the phosphorylation of 
the two main PKA-targets, perilipin and HSL (at Ser660), 
and the subsequent increase in glycerol release induced by 
CT-1; and  iv ) silencing of PKA expression in adipocytes 
almost completely abrogated CT-1-induced glycerol re-
lease. Increased cAMP levels could be the consequence of 
increased adenylyl cyclase activity or reduced cAMP degra-
dation (mainly mediated by PDE3B action). It is well-
established that the stimulation of G s -coupled receptors 
induces the activation of adenylyl cyclase, leading to in-
creased intracellular cAMP levels and subsequent activa-
tion of PKA and phosphorylation and translocation of 
HSL to fat droplets ( 23, 24 ). Here, we demonstrate that 
CT-1 increased the levels of G s  �  without affecting Gi, the 
inhibitory protein of adenylyl cyclase. Our fi ndings also 
revealed that neither the levels of PDE3B, an enzyme that 
catalyses the breakdown of cAMP to its inactive form, nor 
the levels of AdPLA, which inhibits cAMP production by 
regulating prostaglandin E 2  abundance, were modifi ed by 
CT-1. Taken together, these fi ndings suggest that CT-1-
induced increase of cAMP is secondary to stimulatory gua-
nine nucleotide binding protein (Gs)-mediated stimulation 
of   adenylyl cyclase. CT-1 exerts its signaling effects by inter-
acting with the gp130 receptor. This receptor shares a large 
degree of sequence homology with the leptin receptor, 
and both activate the Janus kinase/signal transducer and 

(0.2 mg/kg) for 30 min to lean mice caused an increase in 
the levels of plasma FFAs in comparison with saline-treated 
mice (supplementary Fig. IIIA). Moreover, adipose tissue 
explants from rCT-1-treated mice exhibited increased li-
polytic response as compared with the vehicle-treated 
group (supplementary Fig. IIIB). 

 DISCUSSION 

 The present study demonstrates the lipolytic activity of 
CT-1 in adipocytes both in vitro and in vivo. In fact, in cul-
tured adipocytes, CT-1 treatment promoted a decrease in 
intracellular TAG in parallel with an increase in the re-
lease of glycerol and FFAs, suggesting the ability of CT-1 to 
promote TAG catabolism. Interestingly, we found that 
CT-1 stimulates lipolysis in adipocytes through the regula-
tion of the major lipases and lipid droplet proteins in-
volved in the hydrolysis of TAG. Indeed, CT-1 promotes 
HSL phosphorylation at Ser660, a residue that is involved 
in the activation of this lipase. It is well-known that PKA is 
the major kinase involved in the phosphorylation of HSL 
at the sites that cause HSL activation, including Ser563, 
Ser659, and Ser660. However, in the present study we ob-
served that CT-1 selectively induces the phosphorylation 
of Ser660 without affecting Ser563 in cultured adipocytes. 
In this context, it has been described that phosphorylation 
sites Ser659 and Ser660 are the critical activity controlling 
sites, whereas Ser563 plays a minor role in direct activation 
of HSL in vitro ( 11 ). Importantly, activation of HSL seems 
to be a key factor for the lipolytic action of CT-1, because 
silencing of HSL expression in adipocytes completely 
abolished CT-1-induced glycerol release, and partly pre-
vented basal lipolysis. 

 Nevertheless, our in vivo studies revealed that acute ad-
ministration of CT-1 to mice was able to stimulate adipose 
tissue lipolysis and to phosphorylate HSL, not only at 
Ser660, but also a dramatic stimulation at Ser563 was ob-
served. It is important to take into account that in vivo, the 
regulation of PKA-stimulated HSL Ser563 and Ser660 
phosphorylation seems to be time- and tissue-dependent. 

  Fig.   5.  rCT-1 stimulates G s  �  and cAMP levels. A: Intracellular cAMP levels after 24 h of treatment with 
rCT-1 (20 ng/ml). B: Representative Western blot and densitometric analysis of G s  �  and Gi protein levels in 
rCT-1-treated 3T3-L1 adipocytes. Data are expressed as mean ± SEM (n = 4–7). * P  < 0.05, ** P  < 0.01 com-
pared with control (vehicle-treated cells).   
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cholamines, but in contrast to HSL, ATGL activity is not 
directly regulated posttranslationally via PKA-mediated 
phosphorylation ( 34 ). It is well-known that ATGL protein 
is mainly coactivated by CGI-58 and inhibited by G0S2. 
However, the transcriptional regulation of ATGL is poorly 
characterized. In this context, PPAR �  has been identifi ed 
as a regulator of ATGL levels ( 34 ). It has been described 
that CT-1 induces a transient decrease in PPAR �  in adipo-
cytes at 24 h ( 3 ). In concordance, our data revealed that 
the decrease in ATGL observed after 24 h of treatment 
with CT-1 in cultured adipocytes paralleled with the drop 
in PPAR �  levels (data not shown), suggesting a potential 
association between both events. In contrast with the lack 
of effect of short-term treatments (1–2 h) with CT-1 on 
ATGL in cultured adipocytes, the in vivo acute administra-
tion of CT-1 induced a marked increase in ATGL protein 
levels at 30 min, suggesting that putatively some mecha-
nisms may regulate ATGL protein expression in vivo that 
do not exist in the in vitro model. In this context, several 
studies of our group have revealed that acute administra-
tion of CT-1 to mice has profound peripheral and central 
effects acting on neurohormonal regulators that could 

activator of transcription (JAK/STAT) and ERK signaling 
pathways   ( 25 ). However, the lipolytic effect of leptin has 
been related to the downregulation of the adenylyl cyclase-
inhibitory G protein pathway   ( 26 ). In this context, grow-
ing evidence exists for a cross-talk of signaling cascades 
initiated by G protein-coupled receptors (GPCRs) and the 
IL-6 family of cytokines signaling pathway ( 27 ). In contrast 
to CT-1, TNF- �  stimulates lipolysis in adipocytes by de-
creasing Gi without affecting Gs levels ( 28 ) or by down-
regulating the expression of PDE3B   ( 29 ). 

 Our present data indicate that besides the stimulatory 
effect of CT-1 on lipolysis, ATGL protein levels are inhib-
ited in long-term (24 h) CT-1-treated cultured adipocytes, 
in parallel with the increase of the ATGL inhibitor, G0S2 
( 30 ). This apparently surprising fi nding of downregula-
tion of ATGL together with increased lipolysis has been 
described after treatment with some lipolytic molecules, 
such as TNF- � , in cultured adipocytes ( 31, 32 ). This may 
suggest that an interaction between these two regulatory 
processes (activity and expression) occurs (high ATGL 
activity might be compensated by low expression) ( 33 ). 
Similarly to HSL, ATGL activity is also stimulated by cate-

  Fig.   6.  In vivo administration of rCT-1 (0.2 mg/kg of body weight) for 30 min stimulates the main lipolytic 
enzymes in adipose tissue of  ob/ob  mice. A: Representative Western blot and densitometric analysis of HSL 
phosphorylation (Ser563, Ser660, Ser565) and perilipin in epididymal fat. Phospho-HSL (p-HSL) band in-
tensities were normalized to total HSL, and phospho-PKA (p-PKA) substrate bands were normalized to per-
ilipin. B: Representative Western blot and densitometric analysis of ATGL, CGI-58, and G0S2 in epididymal 
fat from  ob/ob  mice treated with rCT-1 or vehicle. Band intensities for ATGL, CGI-58, and G0S2 were normal-
ized to actin. Results are expressed as mean ± SEM (n = 4–7). * P  < 0.05, *** P  < 0.001.   
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lipolysis, suggesting that the PKA pathway was not involved 
in IL-6 lipolytic effects ( 49 ). On the contrary, our present 
data clearly suggest the involvement of the cAMP/PKA 
pathway in the lipolytic action of CT-1. 

 Activation of lipolysis has been proposed as a promising 
therapeutic target for the treatment of obesity ( 50 ). Our 
results suggest that the ability of CT-1 to activate the path-
way in adipocytes could also contribute to its anti-obesity 
properties. In line with this, we have previously reported 
that chronic administration of CT-1 to  ob/ob  mice in-
creased the adipocytes’ lipolytic response to isoproterenol 
( 4 ). It is important to mention that increased lipolysis and 
FFAs release from adipose tissue have been associated with 
the development of metabolic disturbances in obesity 
( 51 ). However, several studies have suggested that increas-
ing lipolysis in adipose tissue does not necessarily increase 
serum FFAs levels, because increasing lipolysis in adipose 
tissue causes a shift within adipocytes toward increased 
FFAs utilization and energy expenditure and, thus, pro-
tects against obesity ( 50 ). In this context, our previous 
data revealed that CT-1 is able to promote FFAs oxidation 
not only in adipose tissue but also in muscle, reducing in-
sulin resistance in obese mice ( 4 ). 

 In summary, the present data demonstrate that the ability 
of CT-1 to regulate the activity of the main lipases underlies 
the lipolytic action of this cytokine in vitro and in vivo, and 
may account for the anti-obesity effects of CT-1.  
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