
 

Copyright © 2005 by the American Society for Biochemistry and Molecular Biology, Inc.

 

This article is available online at http://www.jlr.org

 

Journal of Lipid Research

 

Volume 46, 2005

 

135

 

Inducible nitric oxide synthase modulates lipolysis
in adipocytes

 

Patrice Penfornis and André Marette

 

1

 

Department of Anatomy-Physiology, Lipid Research Unit, Laval University Hospital Center, Québec,
G1V 4G2, Canada

 

Abstract The role of inducible nitric oxide synthase (iNOS)
in the modulation of adipocyte lipolysis was investigated. Treat-
ment of white and brown adipose cell lines and mouse adi-
pose explants with a mixture of tumor necrosis factor-

 

�

 

,
interferon-

 

�

 

, and lipopolysaccharide (LPS) doubled the lipo-
lytic rate, and this was associated with marked induction
of iNOS expression and nitric oxide (NO) production. iNOS
inhibition by 1400W, aminoguanidine, or L-NIL pretreatment
further increased the cytokine/LPS-mediated lipolysis by
30% (

 

P 

 

�

 

 0.05) in cultured adipocytes and in adipose ex-
plants. However, this potentiating effect of iNOS inhibition
was abolished in adipose explants isolated from iNOS knock-
out mice. Pharmacological inhibitors of adenylyl cyclase or
protein kinase A reduced cytokine/LPS-induced lipolysis
and also blunted the potentiating effect of iNOS inhibition
on the lipolytic rate. Furthermore, addition of the anti-
oxidants 

 

l

 

-cystine and 

 

l

 

-glutathione to cytokine/LPS-stimu-
lated adipocytes mimicked the lipolytic effect of iNOS in-
hibition.  In conclusion, inhibition of iNOS activity in
adipocytes potentiates cytokine/LPS-induced lipolysis. This
effect was fully reversed by adenylyl cyclase and protein ki-
nase A inhibitors but was mimicked by cellular antioxidants.
These data suggest that iNOS-mediated NO production coun-
teracts cytokine/LPS-mediated lipolysis in adipocytes and
that this feedback mechanism involves an oxidative process
upstream of cAMP production in the signaling pathway.
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Major metabolic changes occur during sepsis as proin-
flammatory cytokines and endotoxins markedly affect en-
ergy metabolism in liver and peripheral tissues (reviewed
in 1, 2). In vivo studies have shown that adipose tissue
lipolysis is markedly increased in sepsis and other acute in-
flammatory settings, leading to an increased VLDL secre-

 

tion and hepatic fatty acid synthesis. The lipolytic effect of
cytokines and endotoxins can be reproduced in vitro us-
ing freshly isolated adipocytes or cultured adipose cell
lines (3). Unlike 

 

�

 

-adrenergic agonists, which stimulate
lipolysis within minutes through activation of the adenylyl
cyclase/cAMP/protein kinase A (PKA) pathway, inflam-
matory cytokines such as tumor necrosis factor-

 

�

 

 (TNF-

 

�

 

)
increase lipolysis only after long-term activation (hours)
via activation of Ras-extracellular signal regulated kinase
(ERK), which in turns promotes phosphorylation and ac-
tivation of Hormone-sensitive lipase (HSL) and its trans-
location on cellular lipid droplets (3–6). TNF-

 

�

 

 may also
cause lipolysis through ERK-dependent inhibition of cy-
clic nucleotide phosphodiesterase 3B (PDE3B), increas-
ing intracellular cAMP and PKA activity, leading to phos-
phorylation and decreased expression of perilipins (7–9).
Perilipins are phosphoproteins located at the surface of
the intracellular lipid droplets that have been proposed to
act as a barrier to lipolysis (9–11).

Sepsis is also associated with marked expression of in-
ducible nitric oxide synthase (iNOS), a proinflammatory
mediator in multiple tissues. Injection of the endotoxin
lipopolysaccharide (LPS) was previously reported to induce
the expression of iNOS in adipocytes (12). Adipose tissue
actually represents a major site of iNOS expression in en-
dotoxemia, and its induction involves the combined ac-
tions of LPS and proinflammatory cytokines (e.g., TNF-

 

�

 

and IFN-

 

�

 

) (13). This cytokine-inducible isoform produces
large amounts of nitric oxide (NO; up to the micromolar
range) and for a longer period of time (several hours)
compared with the other members of the NOS family [en-
dothelial nitric oxide synthase (eNOS) and neuronal ni-
tric oxide synthase (nNOS) isoforms].

Few studies have investigated the potential role of NO
in modulating lipolysis. It has been shown that chemical
NO donors stimulate basal lipolysis in vitro but block iso-
proterenol-stimulated lipolysis (14). On the other hand,
the NOS inhibitor 

 

N

 

G

 

-monomethyl 

 

l

 

-arginine (L-NMMA)
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increases lipolysis in vivo in humans (15). These studies
mostly involved the regulation of lipolysis by eNOS-release
NO, because these experiments were not performed in in-
flammatory settings in which iNOS is induced.

Therefore, this study was designed to examine the role
of NO in cytokine-mediated lipolysis using both cultured
white and brown adipose cells and mouse adipose tissue
explants. We found that cytokine/LPS treatment concom-
itantly induces lipolysis and iNOS activity but, surprisingly,
that iNOS inhibition further increases lipolysis. Our data
further suggest that NO restrains lipolysis in cytokine/
LPS-activated adipose cells via the inhibition of adenylyl
cyclase and PKA, possibly via oxidative modification of key
player(s) in the lipolytic cascade.

METHODS

 

Materials

 

Cell culture media were from Gibco (Invitrogen Corp., Carls-
bad, CA) and sera were from Wisent (St-Jean Baptiste de Rou-
ville, Quebec, Canada). TNF-

 

�

 

 was from R&D Systems (Minneap-
olis, MN) and interferon-

 

�

 

 was from Research Diagnostic, Inc.
(Flanders, NJ). 1400W and L-NIL were from Biomol Research
Labs, Inc. (Plymouth Meeting, PA). Insulin (Humulin R) was from
Eli Lilly (Toronto, Ontario, Canada). All other products were from
Sigma-Aldrich (Oakville, Ontario, Canada).

 

Cell culture

 

T37i fibroblasts (a generous gift from Dr. M. Lombès, Institut
National de la Santé et de la Recherche Médicale U478, Paris,
France) were cultured in DMEM/HamF12 (Gibco-Invitrogen)
supplemented with 10% fetal bovine serum, 100 IU/ml penicil-
lin, 100 

 

�

 

g/ml streptomycin, and 20 mM HEPES and grown at
37

 

�

 

C in a humidified atmosphere with 5% CO

 

2

 

. Differentiation
into brown adipocytes was achieved under standard conditions
by incubating subconfluent undifferentiated T37i cells with 2 nM
triiodothyronine and 20 nM insulin for at least 7 days. 3T3-L1 fi-
broblasts (a kind gift of Dr. A. Klip, Hospital for Sick Children,
Toronto, Ontario, Canada) were grown in monolayer culture in
high-glucose DMEM supplemented with 20% (v/v) calf serum
and 1% (v/v) antibiotic/antimycotic solution in a humidified at-
mosphere of 10% CO

 

2

 

 at 37

 

�

 

C. Two days after confluence, 3T3-L1
fibroblasts were differentiated into adipocytes in DMEM contain-
ing 10% FBS, 115 

 

�

 

g/ml 3-isobutyl-

 

1

 

-methylxanthine, 390 ng/ml
dexamethasone, and 10 

 

�

 

g/ml insulin for 4 days, then the me-
dium was replaced with DMEM supplemented with 10% FBS and
5 

 

�

 

g/ml insulin for an additional 4 days. Medium was then re-
placed by DMEM containing 10% FBS until 

 

�

 

80% of the cells
exhibited an adipocyte morphology, typically between 8 and 12
days after differentiation.

 

Adipose explant preparation

 

Retroperitoneal and inguinal fat pads (representing visceral
and subcutaneous adipose regions, respectively) were used to
prepare adipose explants from six wild-type (C57BL/6) and iNOS
knockout (iNOS

 

	

 

/

 

	

 

) female mice (strain C57BL/6-Nos

 

tm/Lau

 

,
Jackson Laboratories). Body weight was not different between
wild-type and iNOS 

 

	

 

/

 

	

 

 mice (20.8 

 




 

 0.7 g vs. 21.2 

 




 

 0.6 g). Ret-
roperitoneal and inguinal fat pads were cut into small fragments
of 2 mm

 

3

 

 and cleaned of extraneous tissues under microscope
dissection. Fragments were placed in DMEM containing 10% fe-
tal bovine serum for 3 h at 37

 

�

 

C in a humidified atmosphere with
10% CO

 

2

 

 and then placed in fresh medium containing or not

containing the cytokine/LPS mixture (see below) for 48 h to in-
duce iNOS expression and activity.

 

iNOS induction and detection

 

To induce iNOS, cell lines and explants were treated with 200
U/ml interferon-

 

�

 

, 10 ng/ml TNF-

 

�

 

, and 10 

 

�

 

g/ml LPS for 24 h
(cells lines) or 48 h (explants). iNOS activity was measured by
the accumulation of nitrite (NO

 

2

 

) detected in cell supernatant
by the Griess reaction as previously described (13). Cellular pro-
tein content was measured with the bicinchoninic acid assay
(Pierce, Rockford, IL). For adipose explants, DNA content was
measured after extraction in phenol-chloroform, and optical
density measurements were performed at 260 nm.

 

RNA analysis

 

Total cellular RNA was isolated using guanidinium thiocya-
nate-phenol-chloroform extraction. Primers 5

 

�

 

-GCTCGCAATATG-
GTGTCAGA-3

 

�

 

 and 5

 

�

 

-GGGTGATCGATTAGTTAGA-3

 

�

 

 for PDE3B,
5

 

�

 

-CGCTCTCGGGCTCCATCAGG-3

 

�

 

 and 5

 

�

 

-TGAGCGGGACCTG-
TGAGTGC-3

 

�

 

 for perilipin A, 5

 

�

 

-TCTCCATCGACTACTCCC-
TGG-3

 

�

 

 and 5

 

�

 

-AAGGAGTTGAGCCATGAGGAGGC-3

 

�

 

 for HSL,
and 5

 

�

 

-GGATGCCACAGGATTCCATAC-3

 

�

 

 and 5

 

�

 

-TCACCCACA-
CTGTGCCCATCTA-3

 

�

 

 for actin were used to detect each mRNA
by semiquantitative reverse transcriptase-polymerase chain reac-
tion as previously described (13, 16).

 

Western blot analysis

 

Cells lysates (50 

 

�

 

g of protein) were subjected to SDS-PAGE,
and immunoblotting was performed as previously described
(13). Anti-iNOS antibody was from Oxford Biomedical Research
(Oxford, MI), and anti-adenylyl cyclase type V

 

�

 

VI (C17) anti-
body was from Santa Cruz Biotechnology (Santa Cruz, CA). Im-
munoreactive bands were detected by the enhanced chemilumi-
nescence method.

 

Lipolysis measurement

 

Cells or explants were deprived of serum and cytokine/LPS
for 3 h in DMEM containing 4% bovine serum albumin, then
placed in fresh medium containing the different experimental
drugs for 1 h. Glycerol released into the medium was determined
by an enzymatic method (17).

 

Data analysis

 

All data are presented as means 

 




 

 SEM. The effects of the
treatments were compared by ANOVA followed by Fisher’s post
hoc test. Differences were considered to be statistically signifi-
cant at 

 

P

 

 

 

�

 

 0.05.

 

RESULTS

Chronic treatment (24 h) of both white and brown adi-
pose cell lines with the cytokines TNF-

 

�

 

 and interferon-

 

�

 

and LPS markedly induced iNOS protein expression and
enzymatic activity as measured by the accumulation of ni-
trite in the culture medium (

 

Fig. 1A, B

 

). This was accom-
panied by a significant increased in the rate of lipolysis in
both cell types, as measured by the release of glycerol dur-
ing a 1 h incubation after the cytokine/LPS treatment
(Fig. 1C). Consistent with recent studies using TNF-

 

�

 

 (18,
19), the cytokine/LPS-mediated lipolysis was associated
with downregulation of PDE3B and perilipin A transcripts
(

 

Fig. 2A

 

). Furthermore, the lipolytic effect of cytokine/
LPS was observed despite marked reduction of HSL expres-
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sion, consistent with the finding that HSL is not essential
for TNF-

 

�

 

-induced lipolysis (20). The cytokine/LPS treat-
ment also increased the expression of type VI adenylyl cy-
clase in both 3T3-L1 white adipocytes (119 

 




 

 5% of con-
trol values; 

 

P 

 




 

 0.02) and T37i brown adipocytes (138 

 




 

14% of control values; 

 

P 

 




 

 0.03) (Fig. 2B). Type V ade-
nylyl cyclase is also expressed in adipocytes, but its cellular
expression was not significantly increased by cytokine/
LPS exposure of 3T3-L1 and T371 adipose cells (84 

 




 

10% and 112 

 




 

 11% of control values, respectively; NS).
The role of iNOS-mediated NO production in the regu-

lation of lipolysis in cytokine/LPS-treated adipocytes was
then investigated using specific inhibitors of this NOS iso-
type. As depicted in 

 

Fig. 3A

 

, cytokine/LPS-stimulated NO
production in both white and brown fat cells was mark-
edly reduced by the iNOS inhibitors 1400W, aminoguani-
dine, or L-NIL. However, the iNOS inhibitors failed to
blunt the lipolytic effect of cytokine/LPS. In contrast,
iNOS inhibition further increased lipolysis by 30 

 




 

 2%
(

 

P

 

 

 

�

 

 0.05) and 25 

 




 

 3% (

 

P

 

 

 

�

 

 0.05) in 3T3-L1 adipocytes
and T37i brown adipocytes, respectively (Fig. 3B). Impor-
tantly, these inhibitors alone had no effect on basal lipolysis.
We also tested nonspecific NOS inhibitors such as N(G)-

nitro-L-arginine methyl-ester (L-NAME) and L-NMMA, but
those were found to increase basal lipolysis at concentra-
tions of 1 or 2 mM, which are commonly used to inhibit
NOS activity (data not shown).

To further clarify the role of iNOS in modulating adi-
pose tissue lipolysis, we next used adipose explants from
wild-type and iNOS

 

	

 

/

 

	

 

 mice. Adipose explants were used
because chronic exposure to cytokines and LPS was needed
to induce iNOS. As shown in 

 

Fig. 4A

 

, incubation of adi-
pose explants from wild-type mice for 48 h with the cyto-
kine/LPS cocktail induced a marked NO production as
revealed by the accumulation of nitrite. As expected, NO
production was barely detectable in iNOS

 

	

 

/

 

	

 

 adipose ex-
plants and was not increased by cytokine/LPS treatment.

As in studies with white and brown fat cell lines, treat-
ment with cytokine/LPS doubled the lipolytic rate of adi-
pose explants in wild-type mice. Moreover, addition of the
iNOS inhibitor 1400W caused a further 75% increase of
lipolysis in retroperitoneal explants (32 

 




 

 5 vs. 56 

 




 

 12

 

�

 

mol glycerol release/mg DNA; 

 

P 

 

�

 

 0.05) and a 47% in-
crease in subcutaneous explants (19 

 




 

 3 vs. 28 

 




 

 4 

 

�

 

mol
glycerol release/mg DNA; 

 

P 

 

�

 

 0.05) (Fig. 4B). Exposure
to the cytokine/LPS cocktail also increased lipolysis in ad-
ipose explants isolated from mice lacking iNOS. However,
cotreatment with 1400W failed to further increase lipolysis
as observed in wild-type mice. This confirms that the abil-
ity of iNOS inhibitors to potentiate the lipolytic effect of
cytokines and LPS is linked to iNOS inhibition and is not
the result of unspecific effects on adipocyte lipolysis.

The potentiating effect of iNOS inhibition on cytokine/
LPS-mediated glycerol release indicates that NO restrains

Fig. 1. Cytokine/lipopolysaccharide (cyto/LPS) treatment in-
duces inducible nitric oxide synthase (iNOS) expression, nitric ox-
ide (NO) production, and increases lipolysis in white and brown
adipocytes. A: iNOS protein expression in adipocytes treated for
24 h with a mixture of cytokines (10 ng/ml tumor necrosis factor-�
and 200 U/ml IFN-�) and LPS (10 �g/ml). B: Twenty-four hour ac-
cumulation of the stable NO product nitrite in the culture media.
Nitrite was detected by Griess reaction (see Methods). C: One hour
release of glycerol from adipocytes previously treated with cytokines
and LPS for 24 h. Bars represent means 
 SEM of six independent
experiments. * P � 0.05 compared with control cells.

Fig. 2. Effect of chronic cytokine/LPS (cyto/LPS) treatment on
the expression of phosphodiesterase 3B (PDE3B), perilipins, HSL,
and adenylyl cyclases. A: mRNA expression of PDE3B, perilipin A,
and HSL (fragment lengths: 944, 1,161, and 540 bp, respectively)
after 24 h of cytokine/LPS treatment. B: Protein expression of type
V and type VI adenylyl cyclase (arrowheads: 135 and 130 kDa, re-
spectively). Only the type VI adenylyl cyclase isoform was found to
increase upon cytokine/LPS treatment. These results are represen-
tative of three independent RT-PCR or immunoblot determina-
tions.
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lipolysis in white and brown fat cells exposed to inflamma-
tory mediators. We next explored the possible mecha-
nisms responsible for the modulation of lipolysis by NO.
The effect of iNOS inhibitors on lipolysis could be ob-
served within 1 h, suggesting that changes in the expres-
sion of genes involved in lipolysis regulation are unlikely
to be involved. Accordingly, the iNOS inhibitor 1400W
failed to affect the expression of PDE3B, adenylyl cyclases,
perilipins, or HSL in brown and white adipocytes (data
not shown). We next tested whether the effect of iNOS in-
hibition to increase lipolysis was linked to the regulation
of cAMP and PKA. We found that 1400W could not in-
crease adipocyte lipolysis in the presence of MDL 12,330A,
a specific inhibitor of adenylyl cyclase activity. This effect
was seen in both 3T3-L1 white adipocytes (Fig. 5A) and
T37i brown adipocytes (data not shown). As expected,
adenylyl cyclase blockade also partly inhibited cytokine/
LPS-mediated lipolysis. Inhibition of cAMP-dependent
PKA by the addition of H89 also completely blocked the
ability of 1400W to increase lipolysis in both 3T3-L1 (Fig.
5B) and T37i adipocytes (data not shown). The PKA in-
hibitor also fully blocked the lipolytic effects of cytokine/
LPS, which is consistent with the fact that cytokines in-
duce lipolysis via a cAMP/PKA-dependent pathway (8).

Prolonged exposure to NO is known to shift the cellular

redox potential to a more oxidized state, and this is criti-
cally regulated by intracellular levels of antioxidants such
as reduced glutathione (21). We thus investigated if NOS
blockade potentiated cytokine/LPS-mediated lipolysis by
relieving an oxidative-dependent process. We tested the
effects of two potent cellular antioxidants, l-cystine and
reduced l-glutathione, on adipocyte lipolysis. As can be
seen in Fig. 6, acute treatment with l-cystine or reduced
l-glutathione mimicked the effect of iNOS inhibition on
cytokine/LPS-induced lipolysis. No effects of the antioxi-
dants were seen in cells not exposed to cytokines and LPS,
suggesting that their potentiating effects on lipolysis are
not linked to the activation of lipolytic mediators per se.
Moreover, the lipolytic effects of the antioxidants were not
additive to that of iNOS inhibition by 1400W, supporting
the notion that these agents increase lipolysis via a similar
mechanism. Taken together, these results strongly suggest
that iNOS-mediated NO suppresses cytokine/LPS-stimu-
lated lipolysis by an oxidative process.

DISCUSSION

An early metabolic alteration during acute inflamma-
tory conditions is increased serum triglycerides, character-

Fig. 3. Effects of selective iNOS inhibitors on basal and cytokine/LPS (cyto/LPS)-mediated lipolysis in
white and brown adipocytes. Accumulation of nitrite (A) and 1 h release of glycerol (B) in adipocytes treated
with cytokines and LPS as in Fig. 1 with or without the iNOS inhibitors 1400W (0.1 mM), aminoguanidine
(0.5 mM), and L-NIL (0.5 mM). Bars represent means 
 SEM of three separate experiments. # P � 0.05 vs.
basal; * P � 0.05 vs. cytokine/LPS.
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ized by increased VLDL levels (1). It is thought that in-
creased VLDL levels help protect the host from the
harmful effects of invading microorganisms by binding
and neutralization of LPS, by preventing the activation of
peripheral monocytes/macrophages by LPS, or by redis-
tributing lipid substrates to immune cells (2). Multiple
mechanisms are believed to produce hypertriglyceridemia
during acute infection, and adipose tissue lipolysis plays a
key role by providing fatty acids for increased hepatic tri-
glyceride synthesis and secretion into the circulation as
VLDL.

Adipose tissue lipolysis is activated by endotoxins and
inflammatory cytokines released by both macrophages
and fat cells during acute inflammatory situations. The
molecular mechanisms involved in the lipolytic effects of
these inflammatory mediators are complex and are still
not fully understood. Adipose tissue lipolysis is mediated
by HSL, the end-limiting enzyme of the lipolytic process,
which is regulated by both changes in gene expression
and phosphorylation by PKA. However, we found that treat-
ment with TNF-�, IFN-�, and LPS caused a marked de-
crease in HSL in both white and brown adipocytes, which
is consistent with previous studies in 3T3-L1 adipocytes
(22). These results indicate that cytokine/LPS-mediated
lipolysis is likely attributable to phosphorylation of HSL or
modulation of another unidentified lipase. Indeed, recent
studies based on adipocytes derived from HSL knockout
mice have shown that lipolysis is partly independent of
HSL expression (23), implying that other lipases are im-
plicated in the lipolytic process. Furthermore, it has been
shown that TNF-� alone induces lipolysis despite the lack
of HSL (20), and it is therefore conceivable that the cyto-
kine/LPS treatment induced the expression and/or activ-
ity of other lipases that remain to be characterized.

The lipolytic effect of cytokine/LPS was linked to the

increased expression of type VI adenylyl cyclase, one of the
major isoforms expressed in adipose cells (24), and a de-
crease of PDE3B expression, a major negative regulator of
lipolysis. A role for cAMP in cytokine/LPS-mediated lipol-
ysis is consistent with the inhibitory effect of the adenylyl
cyclase inhibitor MDL 12,330A on the lipolytic rate. In ad-
dition, we observed a dramatic decrease in perilipin mRNA
expression in cytokine/LPS-exposed adipocytes. Perilipins
are thought to limit the access of lipases to the lipid drop-
lets in adipocytes (9), and their reduction probably con-
tributes to the lipolytic effect of cytokines and LPS.

Previous studies have shown that white and brown
adipose tissues express two members of the NOS family,
namely iNOS and eNOS (reviewed in 25). The iNOS iso-
form is responsible for massive NO production in infec-
tion/inflammation as it is markedly activated by inflam-
matory cytokines and endotoxins. We have shown that in
vivo administration of LPS (a model of endotoxic shock)
markedly increased iNOS expression and activity in white
and brown adipose tissues and that iNOS stimulation
could be reproduced in vitro by chronically exposing cul-
tured 3T3-L1 (white) and T37i (brown) adipocytes to cy-
tokines and LPS (13, 26). It was therefore of interest to
test whether iNOS-mediated NO production modulates
the lipolytic effect of cytokines and LPS in these adipose
cell lines.

Gaudiot et al. (14) first reported that lipolysis can be
modulated by NO in isolated rat adipocytes. They found
that NO donor drugs increase basal lipolysis despite the
fact that authentic NO gas had no effect. On the other
hand, NO donors and NO gas were also shown to inhibit
isoproterenol-stimulated lipolysis, albeit via different mech-
anisms. However, caution must be exerted when examin-
ing the effect of NO donors or other exogenous NO-gen-
erating systems. It was reported that NO attenuates the

Fig. 4. Effect of 1400W on cytokine/LPS (cyto/LPS)-medi-
ated lipolysis in adipose explants from wild-type and iNOS
knockout (iNOS	/	) mice. Explants from retroperitoneal and
subcutaneous adipose tissue of mice were incubated or not for
48 h with cytokines and LPS. One hour glycerol release was de-
termined in the presence or not of 1400W (0.1 mM). Open
bars represent wild-type animals, and closed bars represent
iNOS	/	 mice. The results are means 
 SEM of six separate
experiments. * P � 0.05 vs. control explants; # P � 0.05 vs. cy-
tokine/LPS-treated explants.
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lipolytic effect of isoproterenol by an oxidation-linked in-
activation of the �-adrenergic agonist (27). In this regard,
the use of specific inhibitors of NO synthesis may be more
rewarding in attempting to uncover the role of NO in the
control of lipolysis and other metabolic processes in fat
cells. Andersson and colleagues (15), using a microdialysis
technique, previously showed that L-NMMA, a general
NOS inhibitor, increases lipolysis independently of local
blood flow changes in human adipose tissue. This is in
contrast with a study showing that the NOS inhibitor
diphenyliodonium (DPI) decreases both basal and dibu-
tyryl cAMP-stimulated lipolysis, apparently by an antioxi-

dant-related action (28). Importantly, both L-NMMA and
DPI inhibit eNOS and iNOS; therefore, it is not possible
to draw any conclusions regarding the NOS isoform in-
volved in the modulation of lipolysis in the above studies.

In the present study, we used three selective iNOS in-
hibitors to determine the role of iNOS-mediated NO pro-
duction in the regulation of lipolysis mediated by cyto-
kines and LPS. We observed that inhibition of iNOS
activity by 1400W further increased the lipolytic effects of
cytokine/LPS in both white and brown adipocytes. This
suggests that NO is in fact a feedback regulator of lipolysis
in adipose cells exposed to inflammatory mediators. We
observed similar results with two other selective but struc-
turally different iNOS inhibitors, L-NIL and aminoguani-
dine, confirming that the lipolytic effects of the inhibitors
are linked to their ability to block iNOS. We selected
1400W for further experiments because it is considered
the most potent and selective iNOS inhibitor of the three
tested (L-NIL Ki 
 3.3 �M, aminoguanidine Ki 
 5.4 �M,
1400W Ki 
 7 nM).

We confirmed that NO restrains lipolysis in mouse adi-
pose tissue. Indeed, 1400W also potentiated the lipolytic
effect of cytokine/LPS in both inguinal and retroperito-
neal adipose explants obtained from C57BL/6 wild-type
mice. As expected, cytokine/LPS treatment failed to in-
duce iNOS in adipose tissue from iNOS	/	 mice. The
production of low concentrations of nitrite detected in
culture media from adipose tissue from iNOS	/	 mice
probably reflects the residual contribution of eNOS. Cyto-
kines and LPS increased lipolysis to a similar extent in fat
explants from both wild-type and iNOS	/	 mice, confirm-
ing that iNOS is not essential for the lipolytic effect of
these inflammatory mediators. However, the iNOS inhibi-
tor 1400W failed to increase lipolysis in fat explants lack-
ing iNOS, confirming that 1400W exerts its lipolytic ac-
tion via iNOS inhibition. It is interesting that lack of iNOS

Fig. 5. Effects of adenylyl cyclase and protein kinase A (PKA) in-
hibitors on cytokine/LPS (cyto/LPS)-mediated lipolysis. A: 3T3-L1
adipocytes were incubated or not for 24 h with cytokine/LPS. One
hour glycerol release was determined in the presence or not of the
iNOS inhibitor 1400W (0.1 mM) and the adenylyl cyclase inhibitor
MDL 12,330A (50 �M). B: 3T3-L1 adipocytes were pretreated for
24 h with cytokine/LPS in the presence or not of 1400W (0.1 mM)
and the PKA inhibitor H-89 (0.1 mM). The results are means 

SEM of three separate experiments. § P � 0.05 vs. control cells; * P �
0.05 vs. cytokine/LPS-treated cells; # P � 0.05 vs. cytokine/LPS- �
1400W-treated cells.

Fig. 6. Effects of cellular antioxidants on cytokine/LPS (cyto/
LPS)-mediated lipolysis. 3T3-L1 adipocytes were incubated or not
for 24 h with cytokine/LPS. One hour glycerol release was deter-
mined in the presence or not of 1400W (0.1 mM), l-cystine (1
mM), and/or reduced glutathione (1 mM). The results are
means 
 SEM of three separate experiments. § P � 0.05 vs. control
cells; * P � 0.05 vs. cytokine/LPS-treated cells.
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per se did not increase the lipolytic effect of cytokines and
LPS in the adipose tissues of iNOS	/	 mice. However, one
should note that the lipolytic effect of iNOS inhibition was
observed within 1 h of treatment with 1400W, whereas
chronic loss of iNOS may lead to compensatory mechanisms
to limit excess lipolysis in fat cells from iNOS	/	 mice.

The above findings point to an important role of iNOS-
produced NO to restrain lipolysis under inflammatory
conditions. We have begun exploring the mechanisms be-
hind this antilipolytic effect of NO first by testing its de-
pendence on the production of cAMP and PKA activation.
We observed that inhibition of adenylyl cyclase activity
and PKA completely blocked the lipolytic effect of iNOS
inhibition, implying that NO suppresses lipolysis by reduc-
ing cAMP and PKA activation. Interestingly, previous re-
ports have shown that NO inhibits adenylyl cyclase activity
(29, 30). Thus, the NO donor sodium nitroprusside was
found to decrease forskolin-induced activation of type VI
adenylyl cyclase. Moreover, this inhibition could be reversed
by reducing agents such as l-cystine (29), implicating a
cysteine residue(s) as the target for NO and S-nitrosyla-
tion as the underlying modification. iNOS generates NO
at a high rate and for prolonged periods of time, which fa-
vor a shift of the cellular redox potential to a more oxi-
dized state. We have therefore tested whether the lipolytic
effects of iNOS inhibition could be mimicked by cellular
antioxidants. We found that both l-cystine and reduced
l-glutathione potentiated cytokine/LPS-mediated lipolysis,
suggesting that NO restrains lipolysis via oxidative modifi-
cation of adenylyl cyclase. The potential role of S-nitrosyla-
tion of adenylyl cyclase in the NO-mediated suppression
of lipolysis remains to be confirmed by detailed biochemi-
cal analysis.

In summary, we have found a novel role of iNOS as a
negative modulator of adipose lipolysis. iNOS-mediated NO
production counteracts cytokine/LPS-mediated lipolysis
both in white and brown adipocytes, which involves an ox-
idative process upstream of cAMP production in the sig-
naling pathway. This feedback mechanism may be impor-
tant to the fine-tuning of lipolysis, a key component of the
host metabolic response to inflammation.

This work was supported by a grant from the Canadian Insti-
tutes for Health Research to A.M. P.P. was supported by a doc-
toral studentship from the Canadian Institutes for Health Re-
search.

REFERENCES

1. Grunfeld, C., and K. R. Feingold. 1996. Regulation of lipid metab-
olism by cytokines during host defense. Nutrition. 12 (Suppl. 1):
24–26.

2. Khovidhunkit, W., M. S. Kim, R. A. Memon, J. K. Shigenaga, A. H.
Moser, K. R. Feingold, and C. Grunfeld. 2004. Effects of infection
and inflammation on lipid and lipoprotein metabolism: mecha-
nisms and consequences to the host. J. Lipid Res. 45: 1169–1196.

3. Feingold, K. R., W. Doerrler, C. A. Dinarello, W. Fiers, and C.
Grunfeld. 1992. Stimulation of lipolysis in cultured fat cells by tu-
mor necrosis factor, interleukin-1, and the interferons is blocked
by inhibition of prostaglandin synthesis. Endocrinology. 130: 10–16.

4. Kawakami, M., T. Murase, H. Ogawa, S. Ishibashi, N. Mori, F.
Takaku, and S. Shibata. 1987. Human recombinant TNF sup-
presses lipoprotein lipase activity and stimulates lipolysis in 3T3-L1
cells. J. Biochem. (Tokyo). 101: 331–338.

5. Green, A., S. B. Dobias, D. J. Walters, and A. R. Brasier. 1994. Tu-
mor necrosis factor increases the rate of lipolysis in primary cul-
tures of adipocytes without altering levels of hormone-sensitive li-
pase. Endocrinology. 134: 2581–2588.

6. Hauner, H., T. Petruschke, M. Russ, K. Rohrig, and J. Eckel. 1995.
Effects of tumour necrosis factor alpha (TNF alpha) on glucose
transport and lipid metabolism of newly-differentiated human fat
cells in cell culture. Diabetologia. 38: 764–771.

7. Rosenbaum, S. E., and A. S. Greenberg. 1998. The short- and long-
term effects of tumor necrosis factor-alpha and BRL 49653 on per-
oxisome proliferator-activated receptor (PPAR)gamma2 gene ex-
pression and other adipocyte genes. Mol. Endocrinol. 12: 1150–
1160.

8. Zhang, H. H., M. Halbleib, F. Ahmad, V. C. Manganiello, and A. S.
Greenberg. 2002. Tumor necrosis factor-alpha stimulates lipolysis
in differentiated human adipocytes through activation of extracel-
lular signal-related kinase and elevation of intracellular cAMP. Dia-
betes. 51: 2929–2935.

9. Souza, S. C., L. M. de Vargas, M. T. Yamamoto, P. Lien, M. D. Fran-
ciosa, L. G. Moss, and A. S. Greenberg. 1998. Overexpression of
perilipin A and B blocks the ability of tumor necrosis factor alpha
to increase lipolysis in 3T3-L1 adipocytes. J. Biol. Chem. 273: 24665–
24669.

10. Londos, C., D. L. Brasaemle, C. J. Schultz, J. P. Segrest, and A. R.
Kimmel. 1999. Perilipins, ADRP, and other proteins that associate
with intracellular neutral lipid droplets in animal cells. Semin. Cell
Dev. Biol. 10: 51–58.

11. Londos, C., J. Gruia-Gray, D. L. Brasaemle, C. M. Rondinone, T.
Takeda, N. K. Dwyer, T. Barber, A. R. Kimmel, and E. J. Blanchette-
Mackie. 1996. Perilipin: possible roles in structure and metabolism
of intracellular neutral lipids in adipocytes and steroidogenic cells.
Int. J. Obes. Relat. Metab. Disord. 20 (Suppl. 3): 97–101.

12. Ribiere, C., A. M. Jaubert, N. Gaudiot, D. Sabourault, M. L. Mar-
cus, J. L. Boucher, D. Denis-Henriot, and Y. Giudicelli. 1996. White
adipose tissue nitric oxide synthase: a potential source for NO pro-
duction. Biochem. Biophys. Res. Commun. 222: 706–712.

13. Kapur, S., B. Marcotte, and A. Marette. 1999. Mechanism of adi-
pose tissue iNOS induction in endotoxemia. Am. J. Physiol. 276:
E635–E641.

14. Gaudiot, N., A. M. Jaubert, E. Charbonnier, D. Sabourault, D.
Lacasa, Y. Giudicelli, and C. Ribiere. 1998. Modulation of white ad-
ipose tissue lipolysis by nitric oxide. J. Biol. Chem. 273: 13475–
13481.

15. Andersson, K., N. Gaudiot, C. Ribiere, M. Elizalde, Y. Giudicelli,
and P. Arner. 1999. A nitric oxide-mediated mechanism regulates
lipolysis in human adipose tissue in vivo. Br. J. Pharmacol. 126:
1639–1645.

16. Bedard, S., B. Marcotte, and A. Marette. 1997. Cytokines modulate
glucose transport in skeletal muscle by inducing the expression of
inducible nitric oxide synthase. Biochem. J. 325: 487–493.

17. Wieland, O. 1957. Enzymic method for the determination of glyc-
erin (In German). Biochem. Z. 329: 313–319.

18. Rahn Landstrom, T., J. Mei, M. Karlsson, V. Manganiello, and E.
Degerman. 2000. Down-regulation of cyclic-nucleotide phosphodi-
esterase 3B in 3T3-L1 adipocytes induced by tumour necrosis fac-
tor alpha and cAMP. Biochem. J. 346: 337–343.

19. Green, A., J. M. Rumberger, C. A. Stuart, and M. S. Ruhoff. 2004.
Stimulation of lipolysis by tumor necrosis factor-alpha in 3T3-L1
adipocytes is glucose dependent: implications for long-term regu-
lation of lipolysis. Diabetes. 53: 74–81.

20. Okazaki, H., J. Osuga, Y. Tamura, N. Yahagi, S. Tomita, S. Shio-
noiri, Y. Iizuka, K. Ohashi, K. Harada, S. Kimura, T. Gotoda, H.
Shimano, N. Yamada, and S. Ishibashi. 2002. Lipolysis in the ab-
sence of hormone-sensitive lipase: evidence for a common mecha-
nism regulating distinct lipases. Diabetes. 51: 3368–3375.

21. Kroncke, K. D., C. V. Suschek, and V. Kolb-Bachofen. 2000. Impli-
cations of inducible nitric oxide synthase expression and enzyme
activity. Antioxid. Redox Signal. 2: 585–605.

22. Doerrler, W., K. R. Feingold, and C. Grunfeld. 1994. Cytokines in-
duce catabolic effects in cultured adipocytes by multiple mecha-
nisms. Cytokine. 6: 478–484.

23. Osuga, J., S. Ishibashi, T. Oka, H. Yagyu, R. Tozawa, A. Fujimoto, F.
Shionoiri, N. Yahagi, F. B. Kraemer, O. Tsutsumi, and N. Yamada.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


142 Journal of Lipid Research Volume 46, 2005

2000. Targeted disruption of hormone-sensitive lipase results in
male sterility and adipocyte hypertrophy, but not in obesity. Proc.
Natl. Acad. Sci. USA. 97: 787–792.

24. Serazin-Leroy, V., M. Morot, P. de Mazancourt, and Y. Giudicelli.
2001. Differences in type II, IV, V and VI adenylyl cyclase isoform
expression between rat preadipocytes and adipocytes. Biochim. Bio-
phys. Acta. 1550: 37–51.

25. Kapur, S., F. Picard, M. Perreault, Y. Deshaies, and A. Marette.
2000. Nitric oxide: a new player in the modulation of energy
metabolism. Int. J. Obes. Relat. Metab. Disord. 24 (Suppl. 4):
36–40.

26. Pilon, G., P. Penfornis, and A. Marette. 2000. Nitric oxide produc-
tion by adipocytes: a role in the pathogenesis of insulin resistance?
Horm. Metab. Res. 32: 480–484.

27. Klatt, P., J. Cacho, M. D. Crespo, E. Herrera, and P. Ramos. 2000.
Nitric oxide inhibits isoproterenol-stimulated adipocyte lipolysis
through oxidative inactivation of the beta-agonist. Biochem. J. 351:
485–493.

28. Gaudiot, N., C. Ribiere, A. M. Jaubert, and Y. Giudicelli. 2000. En-
dogenous nitric oxide is implicated in the regulation of lipolysis
through antioxidant-related effect. Am. J. Physiol. Cell Physiol. 279:
C1603–C1610.

29. McVey, M., J. Hill, A. Howlett, and C. Klein. 1999. Adenylyl cyclase,
a coincidence detector for nitric oxide. J. Biol. Chem. 274: 18887–
18892.

30. Goldstein, J., C. Silberstein, and C. Ibarra. 2002. Adenylyl cyclase
types I and VI but not II and V are selectively inhibited by nitric ox-
ide. Braz. J. Med. Biol. Res. 35: 145–151.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

