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Cytokines promote lipolysis in 3T3-L1 adipocytes
through induction of NADPH oxidase 3 expression and

superoxide production
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Abstract NADPH oxidase (NOX) enzymes are one of the
major superoxide-generating systems in cells. NOX-generated
superoxide has been suggested to promote insulin resistance
in the liver. However, the role of NOX enzymes in mediating
metabolic dysfunction in other insulin target tissues remains
unclear. Here, we show that NOX3 expression is induced in
differentiated 3T3-L1 adipocytes upon treatment with proin-
flammatory cytokines. Superoxide production increased con-
currently with NOX3 protein expression in cytokine-treated
adipocytes, which was inhibited by the NOX inhibitor diphe-
nyleneiodonium (DPI). Treatment of adipocytes with cyto-
kines increased lipolysis and decreased PPARYy activity.
Interestingly, treatment with DPI blunted lipolysis activation
by cytokines but failed to restore PPARY activity. siRNA-
mediated NOX3 downregulation also prevented cytokine-
induced superoxide generation and lipolysis. In line with
increasing lipolysis, cytokines increased the phosphorylation
of hormone-sensitive lipase (HSL), which was reversed by
treatment with DPI and silencing of NOX3 expression. We
conclude that NOX3 is a cytokine-inducible superoxide-
generating enzyme in adipocytes, which promotes lipolysis
through increasing phosphorylation of HSL.Hl This suggests
a key role for NOX3-mediated superoxide production in the
increased adipocyte lipolysis in inflammatory settings.—Issa,
N., G. Lachance, K. Bellmann, M. Laplante, K. Stadler, and
A. Marette. Cytokines promote lipolysis in 3T3-L1 adipocytes
through induction of NADPH oxidase 3 expression and su-
peroxide production. J. Lipid Res. 2018. 59: 2321-2328.
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Adipose tissue is the major site of lipid turnover in the
body. During fasting, triglyceride stores are broken down
into FAs and glycerol through lipolysis (1). It has been
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established that adipose tissue lipolysis is altered in obesity
and other inflammatory settings and that release of inflam-
matory cytokines by enlarged adipocytes or infiltrating im-
mune cells impairs the activity of some key molecules involved
in glucose and lipid metabolism (2-4). These include hor-
mone-sensitive lipase (HSL), perilipin, and PPARy (5).

Reactive oxygen species (ROS) generated during inflam-
matory settings have been proposed to play a role in mediat-
ing insulin resistance and metabolic impairments in adipose
tissue (6, 7). It is established that superoxide is overpro-
duced in adipose tissue of obese animals (7, 8). Superoxide
can be generated by enzymatic systems such as mitochon-
drial and peroxisomal pathways in fat cells, but the role of
NADPH oxidases (NOXs) in the inflammatory obese state
remains elusive. NOX enzymes are widely expressed in
mammalian cells and belong to the family of flavocyto-
chrome superoxide-producing enzymes (6, 9, 10). The role
of NOX, especially the prototypical NOX2 (also known as
CGD91-phox), has been extensively studied in innate im-
munity (11). Other homologs of NOX2 have been identi-
fied, and these include: NOX1, NOX3, NOX4, NOX5, and
DUOX1/DUOX2 (9, 11). NOX3, a member of the NOX/
dual-domain NOX family, has been first identified in spe-
cific portions of the middle ear (12). NOX3 expression was
previously reported in liver cells, where it has been shown to
mediate TNFa-induced insulin resistance upon JNK activa-
tion (13). Also, NOX3 is upregulated in the liver of obese
mice, and treatment of hepatic cells with FFAs causes insu-
lin resistance through increasing ROS production by NOX3
and activation of the p38 signaling pathway (14).

Because adipose tissue metabolism is severely impaired
in inflammatory settings, we explored the role of NOX3 in
adipocytes and its potential implication in cytokine-induced
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tive lipase; IL, interleukin; LPS, lipopolysaccharide; NBT, Nitroblue tet-
razolium; NOX, NADPH oxidase; ROS, reactive oxygen species.
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metabolic dysfunction. Our data show that NOX3 is rapidly
induced upon cytokine exposure and that the subsequent
increase in ROS production promotes lipolysis, which is
linked to regulation of HSL phosphorylation. These results
demonstrate a new role for NOX3 in regulating lipid me-
tabolism in adipocytes.

METHODS

Materials

Cytokines were used at the following concentrations: TNFa
(5 ng/ml; Fitzgerald, Concord, MA), IFN-y (5,000 U/ml; RD Sys-
tems, Minneapolis, MN), and interleukin (IL)-18 (20 ng/ml;
Sigma-Aldrich, St. Louis, MO) (15). All cell culture solutions and
supplements were purchased from Life Technologies, Inc., except
for FBS, which was purchased from Sigma-Aldrich. Lipopolysac-
charide (LPS) was purchased from Sigma-Aldrich. Reagents for
SDS-PAGE and Western blot were from Bio-Rad (Hercules, CA)
and Amersham (GE Healthcare Life Sciences, Mississauga, Can-
ada). Goat polyclonal antibody against NOX3 was purchased from
Santa Cruz Biotechnology (Paso Robles, CA). Rabbit monoclonal
antibody against NOX4 was purchased from Epitomics (Burlin-
game, CA). Rabbit polyclonal antibodies against HSL, phospho-
HSL (serine 563), and perilipin were purchased from Cell Signaling
Technology (Beverly, MA), and FASN Ab was from Sigma-Aldrich.
Secondary HRP-coupled antibodies were from Jackson Laborato-
ries (West Grove, PA). NOX inhibitor diphenyleneiodonium
(DPT) was used at a concentration of 10 uM (EMDMillipore). Nitro-
blue tetrazolium (NBT) chloride was purchased from Sigma; de-
oxy-D-glucose, 2-[1, 9 H (N) ] was from Perkin Elmer (Woodbridge,
Canada).

Cell culture and treatments

The 3T3-L1 fibroblasts were grown in a-DMEM (20% calf
serum) and differentiated into adipocytes as previously described
(5). Only cells showing at least 85% differentiation by morpho-
logical examination were used. Adipocytes were treated with a
mixture of cytokines TNFa (5 ng/ml), IFN-y (5,000 U/ml), and
IL-1B (20 ng/ml) for either 8 or 24 h. Because transfection was
found to affect the cytokine-induced ROS production, we have
used a combination of cytokines plus LPS (1 pg/ml) in trans-
fected adipocytes, in order to obtain similar ROS production to
that of nontransfected cells. When DPI (10 wM) was used, it was
added during the last hour of treatment, and control cells were
treated with vehicle (DMSO, 1%).

Adipose explants

The 8- to 12-week-old C57BL/6] mice from our in-house col-
ony were euthanized in accordance with our institutional guide-
lines. Epididymal fat (epididymal white adipose tissue) depot was
removed under sterile conditions, and 50 pg of tissue from each
mouse was directly placed in a culture plate with antibiotic-supple-
mented medium (DMEM low glucose and 10% FBS). Samples
were incubated for 24 h before the medium was replaced and
treatments performed as described for 3T3-L1 cells. All proce-
dures were previously approved by the Laval University Animal
Ethics Committee.

Measurement of superoxide production

Superoxide radicals were measured by the NBT reduction assay
as described previously (6, 16). In brief, during the last hour of
treatment, NBT (1%) was added to the cells and incubated at
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37°C. Then, the incubation medium was removed, the cells were
sonicated in 50% solution of acetic acid, and the absorbance of
reduced NBT (formazan) was measured at 560 nm.

Western blotting

Cells were lysed in RIPA buffer, and protein content was mea-
sured by the BCA™ protein assay (Thermo Fisher Scientific, IL).
A total of 30 pg of lysates was solubilized in Laemmlli’s electro-
phoresis sample buffer, loaded on 7.5% acrylamide gel, and trans-
ferred to nitrocellulose membrane. Blots were blocked with 5%
nonfat dry milk powder/TBS plus Tween 20 (TBST) and incu-
bated overnight at 4°C with primary antibodies in 5% BSA/TBST,
followed by incubation for 1 h at room temperature with HRP-
coupled secondary antibodies. Bands were visualized using EC3™
Imaging System (UVP Ltd., Cambridge, UK) after incubation
with ECL solution (EMD Millipore). Immunoreactive bands were
quantified using the Image] software.

mRNA extraction and quantitative PCR

Total RNA was TRIzol-extracted as per manufacturer’s instruc-
tions (Thermo Fisher Scientific, Burlington, Canada). Reverse
transcription was performed using the High-Capacity cDNA re-
verse transcription kit (ThermoFisher Scientific). cDNA was am-
plified with advanced quantitative PCR Supergreen master mix
(Wisent Bioproducts, St. Bruno, Canada), and real-time PCR
quantification was performed on a CFX96 apparatus (Bio-Rad,
Mississauga, Canada). Primers were: Nox3 forward: CACAGGCT-
CAAATGGACGGA, reverse: CTGCCAGCCATAAGAGAGCA:
Nox4 forward: CCAAATGTTGGGCGATTGTGT, reverse: GGC-
TACATGCACACCTGAGA; and 36B4 forward: CGACCTGGA-
AGTCCAACTAC, 36B4 reverse: ATCTGCTGCATCTGCTTG.

Free glycerol measurement

The 3T3-L1 adipocytes were deprived of serum for 16 h and
incubated in phenol-free DMEM with 2% FA-free albumin with or
without cytokines. The last hour of treatment, fresh medium was
added with or without cytokines and other inhibitors. Free glyc-
erol was measured using the Sigma-Aldrich enzymatic reaction
method, as previously described (5).

PPARY transcription factor binding assay

The 3T3-L1 adipocytes were grown and differentiated as previ-
ously described. Fully differentiated adipocytes were treated with
cytokines for 24 h. A concentration of 10 wM DPI inhibitor or
vehicle was added during the last hour of the treatment. Nuclear
extracts were prepared, and 10 wl was analyzed for PPARy-specific
transcription factor binding activity as described by the manufac-
turer (Cayman, Ann Arbor, MI). In brief, nuclear extracts were
loaded on a 96-well plate coated with a double-stranded DNA se-
quence containing the peroxisome proliferator response element.
After 16 h incubation at 4°C, the plates were washed, and a primary
antibody directed against PPARy was added for 1 h at room tem-
perature. A secondary antibody conjugated to HRP was added to
provide a sensitive colorimetric readout at 450 nm. The results were
corrected for total protein content in 10 pl of nuclear extract.

Glucose uptake

Differentiated 3T3-L1 adipocytes were treated with cytokines
for a total of 24 h. Cells were serum-deprived 4 h prior to assaying
glucose uptake, and treatments were continued by adding cyto-
kines. Insulin and DPI or vehicle were added for the last hour of
treatment at concentrations indicated in the figure legends. Cells
were washed three times with HEPES. Glucose uptake was mea-
sured by adding 2—deoxy—D—[3H] glucose (1 Ci/ml, 26.2 Ci/mmol
in HEPES) for 8 min, and then radioactive medium was aspirated



prior to washing adherent cells three times with 0.9% ice-cold sa-
line. Cells were subsequently lysed in 50 mM NaOH, 800 pl, and
then transferred to 2 ml of liquid scintillation for quantification
using a Tri-Carb2900TR liquid scintillation analyzer (PerkinElmer).
Protein concentration in cell lysates was determined using BCA™

protein assay (Thermo Scientific).

siRNA and cell transfection

The 3T3-L1 adipocytes were transfected with siRNA using a
lipid-based transfection method (17). Briefly, differentiated 3T3-
L1 adipocytes were plated at 1.165 x 10’ cells/cm” in a 6-well
plate, and 100 nM siRNA {Integrated DNA Technologies (IDT),
Coralville, IA] previously mixed with DharmaFecta transfecting
agent (Thermo Fisher Scientific) was then added to the cells.
Control cells were transfected with scrambled siRNA (IDT). 24 h
after transfection, cells where treated with cytokines overnight
and then assessed for the knockdown of NOX3 protein expres-
sion by Western blot.

Statistical analysis

The effects of the treatments were compared by Student’s #test
or ANOVA analysis using GraphPad Prism 5. All data are pre-
sented as means + SEM. Differences were considered to be statisti-
cally significant at P< 0.05.

RESULTS

Cytokine-induced superoxide production in 3T3-L1
adipocytes is NOX-dependent

Treatment of differentiated 3T3-L1 adipocytes with pro-
inflammatory cytokines TNFa, IL-13, and IFNvy led to a 1.9-
fold increase in superoxide production (Fig. 1A). This
response was not observed in undifferentiated adipocytes
(Fig. 1B). Initial studies revealed that IFNy and TNFa can
individually increase superoxide production (data not
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shown), but we have opted to use a combination of cyto-
kines to better reflect the known proinflammatory charac-
teristics of obesity. To determine the contribution of NOX
proteins to cytokine-mediated ROS production in 3T3-L1
adipocytes, we have tested whether DPI, a well-established
inhibitor of this group of enzymes (10), could prevent the
generation of ROS. As shown in Fig. 1A, DPI fully abro-
gated cytokine-stimulated superoxide production mea-
sured after 8 or 24 h in 3T3-L1 adipocytes. Importantly,
cytokine treatment also increased ROS production in adi-
pose explants, which was also inhibited by treatment with
DPI (Fig. 1C). These data indicate that NOX enzymes are
the principal source of superoxide production in cytokine-
treated adipocytes and in adipose tissue.

NOX3, but not NOX4, protein expression is inducible in
3T3-L1 adipocytes treated with cytokines

The NOX family consists of seven different members (10),
and it has already been shown that NOX4 is expressed in adi-
pocytes, where it plays an important role in adipocyte differ-
entiation (18, 19). Whereas 3T3-L1 fibroblasts and fully
differentiated 3T3-L1 adipocytes both express Nox3and Nox4
mRNAs (Fig. 2A), only differentiated 3T3-L.1 cells abun-
dantly expressed NOX3 and NOX4 proteins (Fig. 2B),
suggesting that their expression is controlled at the posttran-
scriptional level. Although NOX4 is constitutively expressed
in nontreated adipose cells, its expression was not increased
by treatment with cytokines (Fig. 2C). Li et al. (13) have
shown that cytokine treatment of hepatocytes led to an in-
creased expression of NOX3. We therefore determined
NOX3 protein expression in adipocytes and found that it was
strongly induced after 8 h exposure to cytokines and re-
mained elevated up to 24 h after treatment (Fig. 2C). DPI did
not affect NOX3 protein expression. We also observed a
nearly 2-fold increase of NOX3 expression in adipose

Fig. 1. Effect of ROS inhibition on cytokine induced
superoxide production in 3T3-L1 adipocytes and adi-
pose explants. Differentiated 3T3-L1 adipocytes (A)
and adipose explants (C) were treated with a cytokine
mix (IL-1B, IFNvy, and TNFa) for 8 or 24 h. DPI (10 uM)
was added the last hour of treatment. B: Undifferenti-
ated fibroblast and differentiated adipocyte 3T3-L1
cells were tested for cytokine-induced superoxide
production after 24 h of treatment with cytokine
mix. Results are represented as mean + SEM of three
independent experiments. * P < 0.05; ** P < 0.01;
##% P<0.001 as compared with control (A, B) or cyto-
kines (C); #P< 0.001 as compared with cytokines.

Control  Cytokines Cytokines

Control Cytokines
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Fig. 2. NOX3 expression in 3T3-L1 cells and adipose explants treated with cytokines. A: RNA of undifferentiated fibroblast and differenti-
ated adipocyte 3T3-L1 cells were analyzed for the expression of NOX3 and NOX4. B: Undifferentiated and differentiated 3T3-L1 cells were
evaluated by Western blot for NOX3, NOX4, and FASN expression. C: Differentiated 3T3-L1 adipocytes were treated with a cytokine mix
(IL-1B, IFNvy, and TNFa) for different times (8 and 24 h). DPI (10 uM) was added the last hour of treatment. NOX3 and NOX4 protein
expression was determined by Western blot as described in Methods. D: Adipose explants were treated for 24 h with the cytokine mix as
in C for 24 h. Protein/RNA quantification data are expressed as mean + SEM of three independent experiments. * P < 0.05; ** P< 0.01;

##% P<0.001, as compared with control or undifferentiated.

explants treated with cytokines for 24 h (Fig. 2D). These re-
sults show that NOX3 protein expression is also inducible in
mature adipocytes and might contribute significantly to su-
peroxide production in cytokine-treated cells.

NOX3 contributes to superoxide production in
cytokine-treated adipocytes

We next evaluated whether NOX3 was involved in super-
oxide generation. siRNA-mediated knockdown was found
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to reduce NOX3 expression by about 50% (P < 0.05) in cy-
tokine-treated cells as compared with a scrambled siRNA
control (Fig. 3A). NOX4 expression was not affected by
NOX3 siRNA. NOX3 knockdown was sufficient to signifi-
cantly reduce cytokine-induced superoxide generation
(Fig. 3B), but did not affect basal ROS production, proba-
bly due to a very low expression of NOX3 in untreated cells.
These results suggest that NOX3 is required for the increase
in superoxide production in cytokine-treated adipocytes.
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Fig. 3. Effect of NOX3 knockdown by siRNA on superoxide pro-
duction. Differentiated adipocytes were transfected with scrambled
siRNA (100 nM) or siRNA (100 nM) targeting the NOX3 gene using
lipid-based transfection as described in Methods. A: At 24 h post-
transfection, cells were treated with cytokines (IL-13, IFNvy, and
TNFa) for 24 h. NOX3 and NOX4 protein expression was assessed
by Western blot. Protein quantification of cytokine-stimulated cells is
represented as the mean + SEM of fold over cytokines of three inde-
pendent experiments. * P< 0.05, cytokines+scrambled siRNA versus
cytokines+NOX3 siRNA. B: Transfected cells were treated with cyto-
kines and LPS for 24 h. DPI (10 wuM) was added during the last hour
of cytokine treatment. Superoxide production was measured by the
NBT assay as described in Methods. Graph represents the mean +
SEM of fold over cytokines of four independent experiments. ** P<
0.01, compared to control; # P < 0.01, cytokines+scrambled siRNA
versus cytokines+tNOX3siRNA.

Role of NOX3 in modulating adipocyte lipolysis

ROS play an important role as signaling molecules in
the regulation of cellular growth and differentiation and

Cytokines induce lipolysis in adipocytes via NOX3 expression

immunometabolic regulation (20-22). Interestingly, it has
been suggested that ROS generated from NOX could in-
crease lipolysis in human adipocytes (21). To assess the con-
tribution of NOX-generated ROS on metabolic functions in
cytokine-exposed adipocytes, we tested the effect of blocking
superoxide production with DPI on lipolysis by measuring
the release of free glycerol. We observed that cytokine treat-
ment significantly increased lipolysis and to levels compara-
ble to a 2 h treatment with isoproterenol (Fig. 4A). This
increase in lipolysis by cytokines was also seen in adipose ex-
plants (Fig. 4B). In both cases, the induction in lipolysis ob-
served in response to cytokines was almost fully prevented by
DPI (Fig. 4A, B). To test the hypothesis that NOX-dependent
superoxide production promotes lipolysis through regulat-
ing HSL, one of the limiting enzymes controlling triglyceride
breakdown in adipocytes, we next assessed the effect of DPI
on HSL phosphorylation on serine 563, which is implicated
in the lipolytic activation of the enzyme (6, 21, 23-25). We
found that cytokine exposure increased phosphorylation of
HSL at 8 h and that this effect was abrogated by DPI (Fig.
4C). Interestingly, cytokines did not affect perilipin expres-
sion at the same time point (8 h) but did reduce its levels by
about half after 24 h (data not shown), suggesting that re-
duced phosphorylation of HSL precedes the downregulation
of perilipin in cytokine-treated adipocytes (Fig. 4D).

Because ROS have also been shown to block insulin-
mediated glucose uptake in adipocytes (26) and to suppress
PPARYy activity (6), we next tested whether NOX also mod-
ulates these metabolic pathways in cytokine-treated adipo-
cytes. Although we confirmed that cytokine treatment
decreased PPARvy activity, this effect was not reversed by
DPI (Fig. 4E). Also, insulin-stimulated glucose-uptake was
not affected by DPI (Fig. 4F), suggesting that ROS produc-
tion by NOXs is specifically altering lipolysis in adipocytes.

Because DPI reversed the stimulatory effect of cytokines
on lipolysis and decreased phosphorylation of HSL on
Serb563, we next tested whether NOX3 was involved. Cyto-
kine-induced lipolysis was prevented by siRNA-mediated
knockdown of NOX3, similar to the effect of DPI treatment
(Fig. 5A). Furthermore, knockdown of NOX3 was found to
decrease HSL phosphorylation on Ser563 after 8 h expo-
sure to cytokines, which was again similar to the effect of
DPI (Fig. 5B). These results are consistent with a mecha-
nism implicating superoxide generation from NOX3 to
activate lipolysis by increasing Ser563 phosphorylation of
HSL in cytokine-exposed adipocytes.

DISCUSSION

Obesity is a chronic inflammatory disorder associated
with insulin resistance and metabolic disturbances that
leads to the development T2D. Obesity-linked inflamma-
tion is characterized by increased expression of proinflam-
matory cytokines mainly produced by infiltrating immune
cells in adipose tissue (27). Potential mechanisms linking
inflammation to the development of insulin resistance
have been recognized and involved both ROS and reactive
nitrogen species (6, 28-31). We have previously revealed
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Fig. 4. Effect of DPI on lipolysis, PPARYy activity, and glucose uptake in cytokine-treated adipocytes and adi-
pose explants. A: Differentiated 3T3-L1 adipocytes were treated with a cytokine mix (IL-13, IFNy, and TNFa)
for 24 h or as a positive control with isoproterenol (Iso; 20 pM) for 2 h in phenol-free DMEM containing 2%
BSA. The last hour of treatment, the medium was replaced with fresh medium containing cytokines and 10 uM
DPI. The medium was collected, and free glycerol release was measured by enzymatic assay as described
in Methods. *#* P < 0.001 compared with control; # P< 0.001 compared with control+cytokines. B: Adipose
explants were treated for 24 h with the cytokine mix as in A. * P< 0.05. C, D: Protein lysates of cells treated
with cytokines for 8 h and nontreated cells were subjected to Western blot as described in Methods. HSL
Ser563 phosphorylation and HSL as well as perilipin expression were assessed by Western blot; as a positive
control, cells were treated with isoprotenol (Iso; 20 uM) for 20 min. Protein quantification is represented as
the mean + SEM of fold over control of four independent experiments. *** P< 0.001 as compared with con-
trol; #P< 0.001 as compared with cytokines. E: Differentiated 3T3-L1 adipocytes were treated with a cytokine
mix (IL-1B, IFNvy, and TNFa) for 24 h. DPI (10 pM) was added the last hour of treatment. Nuclei were iso-
lated and used for the measurement of PPAR'y activity as described in Methods. Graph represents the mean +
SEM of six independent experiments. ** P < 0.01; *** P<(0.001 as compared with untreated control. F: Dif-
ferentiated adipocytes were treated with cytokines for a total of 24 h prior to and during glucose uptake assay.
Cells were deprived of serum for 4 h before glucose uptake. A concentration of 10 uM DPI was added the last
hour of treatment where indicated, and 10 nM insulin was added the last 45 min of treatment. Cells were
subjected to glucose uptake assay as described in Methods. Graph represents insulin-stimulated glucose up-
take of three independent experiments + SEM. The dashed line represents the basal glucose transport in
untreated cells. 2DG, deoxy-p-glucose; eWAT, epididymal white adipose tissue; pHSL, phosphorylated HSL.

the role of inducible NO synthase-mediated NO produc-
tion in causing insulin resistance in skeletal muscle and
liver through peroxynitrite formation (32-35). Because
peroxynitrite is formed from the reaction of NO with su-
peroxide, it is important to identify the major superoxide-
producing systems that could potentially regulate metabolic
functions under inflammatory conditions.

Furakawa et al. (6) have shown that ROS are increased in
adipose tissue of a mouse model of obesity and T2D. This
increase in ROS generation was accompanied by an in-
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crease in NOX activation and NOX4 expression. They also
showed that treatment of adipocytes with FAs increased
oxidative stress via NOX activation, correlating with altered
adipocyte function and reduced adiponectin and PPARy
expression. Here, we show that under inflammatory set-
tings, superoxide production was increased in adipocytes
due to the induction of NOX3 leading to activation of li-
polysis, an effect reversed by siRNA-mediated knockdown
of NOX3 or by pharmacological inhibition of NOX with
DPI.
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decrease of the mean + SEM of four independent experiments. ** P<
0.05 versus cytokine+scrambled siRNA. B: Transfected cells were
treated with a cytokine mix (IL-18, IFN+y, and TNFa) for 8 h. DPI (10
M) was added the last hour of treatment. HSL and HSL Ser563 pro-
tein expression was determined by Western blot as described in Meth-
ods. Protein quantification data are expressed as mean = SEM of three
independent experiments. * P < 0.05; ** P< 0.01, as compared with
cytokine+scrambled siRNA. pHSL, phosphorylated HSL.

Interestingly, it has been shown that in differentiated hu-
man adipocytes, forskolin-stimulated lipolysis was inhibited
in the presence of DPI by preventing the translocation of
HSL to the lipid droplets (21). Similarly, Krawczyk et al.
(21) have shown that in human adipocytes, DPI decreased
the phosphorylation of HSL on Ser552, which corresponds
to Serb63 in mice. Consistent with these results, we found

Cytokines induce lipolysis in adipocytes via NOX3 expression

that inflammatory cytokines increased the phosphorylation
of HSL on Ser563 and that this effect was reversed by DPI
treatment, as well as by NOX3 knockdown. These results
are consistent with a major role for NOX3 in generating
superoxide production upon cytokine treatment, leading
to lipolytic activation in adipocytes via the PKA/HSL path-
way and thus could also be the molecular link between
B-adrenergic activation and lipolysis.

Our work identifies NOX3 as a key modulator of adipo-
cyte metabolism under inflammatory conditions. This was
confirmed using both siRNA-mediated knockdown of
NOX3 and by using the general NOX inhibitor DPI. Previ-
ous studies have focused on NOX4, which is highly ex-
pressed in adipocytes and thought to playarole in adipocyte
differentiation and in modulating insulin signal transduc-
tion (19, 22, 36). Although we have confirmed constitutive
NOX4 expression in adipocytes, its expression was not
affected by cytokine treatment. Moreover, even partial
knockdown of NOX3 was able to significantly abrogate cy-
tokine-induced superoxide production, strongly suggesting
that NOX3 is a major superoxide-generating NOX in adi-
pocytes exposed to inflammatory mediators. Moreover,
NOX4 is known to mainly generate hydrogen peroxide
rather than superoxide when compared with NOX3, which
mainly generates superoxide (37). Thus, ROS generated
from these two enzymes are likely exerting regulatory ef-
fects on signal transduction through different mechanisms.
Our results are therefore consistent with a major role of
NOX3 in generating superoxide in inflammatory settings.

PPARy is an important regulator of adipocyte differen-
tiation and lipid storage, and it has been shown that in-
flammation negatively modulates PPARy activity in adipose
tissue (38). We therefore tested whether NOX3 may also
be involved in the regulation of PPARy. Interestingly, al-
though DPI decreased PPARvy activity in untreated cells, it
did not rescue its impaired activity in cytokine-treated adi-
pocytes. These data are in accordance with our previous
finding that PPARYy is negatively regulated by NO rather
than by peroxynitrite and that superoxide generation is
not required for inhibition of PPARY in the inflammatory
setting of obesity (38).

In conclusion, we found that NOX3 is an inducible NOX
system that plays a role in modulating lipolysis under inflam-
matory settings. NOX3 appears to modulate lipolysis through
regulating HSL phosphorylation on Ser563 by a mechanism
that remains to be fully elucidated. Additional studies are
needed to explore the role of NOX3 in mediating perturba-
tions of adipose tissue lipolysis in vivo under chronic inflam-
matory settings such as obesity. Further understanding of the
mechanisms that link NOX3 induction to lipolytic activation
in adipocytes may help unravel new potential therapeutic tar-
gets to restrain abnormal lipolysis in obesity. i
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