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Background: Excess nutrients induce adipose inflammation.
Results:Excess glucose andpalmitate generateROSviaNOX4by amechanism that involves the PPP and translocation ofNOX4
into LRs, rather than by mitochondrial oxidation.
Conclusion: NOX4 activates monocyte chemotactic factor expression.
Significance:Understanding the source of ROS generationmay lead to the development of new therapeutic targets for adipose
tissue inflammation.

Excess glucose and free fatty acids delivered to adipose tissue
causes local inflammation, which contributes to insulin resis-
tance. Glucose and palmitate generate reactive oxygen species
(ROS) in adipocytes, leading to monocyte chemotactic factor
gene expression. Docosahexaenoate (DHA) has the opposite
effect. In this study, we evaluated the potential sources of ROS
in the presence of excess nutrients. Differentiated 3T3-L1 adi-
pocyteswere exposed to palmitate andDHA (250�M) in either 5
or 25 mM glucose to evaluate the relative roles of mitochondrial
electron transport and NADPH oxidases (NOX) as sources of
ROS. Excess glucose and palmitate did not increase mitochon-
drial oxidative phosphorylation. However, glucose exposure
increased glycolysis. Of the NOX family members, only NOX4
was expressed in adipocytes. Moreover, its activity was
increased by excess glucose and palmitate and decreased by
DHA. Silencing NOX4 inhibited palmitate- and glucose-stimu-
lated ROS generation and monocyte chemotactic factor gene
expression. NADPH, a substrate for NOX, and pentose phos-
phate pathway activity increased with glucose but not palmitate
and decreased with DHA exposure. Inhibition of the pentose
phosphate pathway by glucose-6-phosphate dehydrogenase
inhibitors and siRNA suppressed ROS generation and mono-
cyte chemotactic factor gene expression induced by both glu-
cose and palmitate. Finally, both high glucose and palmitate
induced NOX4 translocation into lipid rafts, effects that were
blocked byDHA. Excess glucose andpalmitate generateROS via

NOX4 rather than by mitochondrial oxidation in cultured adi-
pocytes. NOX4 is regulated by both NADPH generated in the
PPP and translocation of NOX4 into lipid rafts, leading to
expression of monocyte chemotactic factors.

Excess energy derived from glucose or fatty acids leads to
obesity, which is characterized by accumulation of macro-
phages in adipose tissue in response to chemotactic factors gen-
erated by adipocytes (1–3). Both adipocytes and macrophages
secrete a number of pro-inflammatory molecules, which may
lead to insulin resistance and chronic low grade inflammation
(4–6). Production of reactive oxygen species (ROS)3 has
recently been implicated as an important contributor to the
pathogenesis of obesity-associated insulin resistance (7, 8). In
diabetes, it has been suggested that excess free fatty acid (FFA)
increases ROS production, which in turn interferes with insulin
signaling (9, 10). ROS have been considered to be mediators of
signal transduction pathways that activateNF�B (11). Recently,
we showed that ROS were generated by adipocytes after expo-
sure to excess glucose and certain saturated fatty acids (SFAs)
such as palmitate, and we showed that the generation of ROS
was linked to NF�B activation and expression of the monocyte
chemotactic factor genes, serum amyloid A3 (SAA3) and
monocyte chemotactic protein-1 (MCP-1) (12). Quenching
ROS with antioxidants or exposure of cells to certain polyun-
saturated fatty acids (PUFA) such as DHA inhibited those
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events (12). Thus, the glucose- and palmitate-stimulated ROS
generation appears to play an important role in adipocyte
inflammation. However, the mechanisms by which excess glu-
cose and SFAs generate ROS and how some PUFA inhibit ROS
generation remain to be determined. ROS can be generated by
overloading the mitochondrial oxidative phosphorylation sys-
tem with metabolites from glucose and FFA and also by
NADPH oxidases (NOX). To understand how inflammation
arises as a basis for the development of therapeutic strategies,
we endeavored to identify the source of ROS generated by
nutrient excess.
NOX are membrane-bound enzyme complexes that transfer

electrons from the NADPH to oxygen, producing superoxide
andH2O2 (13). Among the seven isoforms of NOX, only NOX4
has no need of other activators and has sustained activity (13).
Recent evidence implicatesNOX4 in tissue repair and fibrogen-
esis (14). Although the proteins in the NOX family have effects
on vascular smooth muscle, endothelial, and neural cells (15–
17), we strove to characterize the role of the NOX family of
enzymes in adipocyte biology, because of the pathophysiologi-
cal implications of a role of NOX-derived ROS in obesity.
In this study, we show that excess glucose and palmitate gen-

erates ROS via NOX4 rather than by mitochondrial oxidation
in differentiated 3T3-L1 adipocytes. NOX4-derived ROS gen-
eration was regulated by a mechanism that involved the pen-
tose phosphate pathway (PPP) and translocation of NOX4 into
lipid rafts, leading to monocyte chemotactic factor expression,
whereas DHA had an inhibitory effect.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Palmitate (16:0), docosa-
hexaenoate (DHA; 22:6), 3-isobutyl-1-methylxanthine,
lucigenin, cytochrome c, dehydroepiandrosterone (DHEA),
6-aminonicotinamide (6-AN), methyl-�-cyclodextrin (M�CD),
catalase, and superoxide dismutase (SOD) were purchased
from Sigma. Intracellular ATP content was measured using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega)
according to the manufacturer’s protocol. 3T3-L1 murine pre-
adipocytes, obtained from American Type Tissue Culture Col-
lection, were propagated and differentiated according to stan-
dard procedures (18) with the exception that medium
contained either 5 or 25 mM glucose with or without 250 �M

FFA that was replenished daily.
Preparation of Fatty Acid-Albumin Complexes—FFAs were

prepared by conjugation with albumin, as described previously
(12).
Multiplex Real Time Quantitative Reverse Transcription-

PCR—Real time reverse transcription-PCR (RT-PCR) was per-
formed using the TaqMan Master kit (Applied Biosystems) in
the ABI prism 7900HT system (19, 20). Saa3,Mcp-1,Ucp-1, -2,
and -3,Nox1–5,Duox 1/2, glucose-6-phosphate dehydrogenase
(G6pd), and carnitine palmitoyltransferase-1� (CPT1�) prim-
ers and a fluorescein amidite (FAM) probe were obtained from
AppliedBiosystems (Assay-on-Demand). Primers andTaqMan
probes specific for Gapdh are as follows: for Gapdh, forward
primer 5�AGCCTCGTCCCGTAGACAAA3� and reverse
primer 5�ACCAGGCGCCCAATACG3�; probe, HEX-
5�AAATCCGTTCACACCGACCTTCACCA3�-BHQ1. Each

sample was analyzed in triplicate and normalized in multiplex
reactions using Gapdh as control.
In Vitro NOX4 and G6PD Gene Silencing—For experiments

in which we tested the role of NOX4 and G6PD in mediating
ROS generation and the expression of SAA3 andMCP-1, 2 days
after completion of the differentiation protocol 3T3-L1 adi-
pocytes were transiently transfected with small interfering
RNA (siRNA) duplexes for NOX4 and G6PD or scrambled
sequences, which were synthesized and purified by Ambion
using the DeliverX System (Panomics), as described previously
(19, 21).
Quantification of ROS—ROS generation was assessed as

CM-H2DCFDA (Molecular Probes) fluorescence, which was
monitored by fluorescence-activated cell sorting (FACS)
(FACSCanto, BD Biosciences) as described previously (22).
Detection of Mitochondrial Superoxide—To evaluate super-

oxide generation from mitochondria induced by high glucose
and/or palmitate, MitoSOX Red reagent (Invitrogen) was
used for staining 3T3-L1 adipocytes. MitoSOX Red is a live
cell permeant that is rapidly and selectively targeted to mito-
chondria. Once in themitochondria, MitoSOX is oxidized by
superoxide and exhibits red fluorescence with absorption/
emission maxima �510/580 nm (23). Thus, we used
MitoSOX as a mitochondrial “superoxide indicator” to com-
pare mitochondrial ROS generation induced by excess glu-
cose and palmitate. Briefly, cultured 3T3-L1 adipocytes were
incubated with 5 �M MitoSOX for 20 min at 37 °C. At the
same time,MitoTracker�Green (excitation/emission�488/
510 nm) was added to confirm intact mitochondrial mem-
brane potential. After washing twice in PBS, DMEMwithout
phenol red was added, and stained cells were analyzed by
FACS or photographed by fluorescent microscopy (Nikon
Eclipse 80i).
Measurement of Intermediary Metabolites—Intermediary

metabolites from 3T3-L1 adipocytes were quantified by liquid
chromatography-electrospray ionization-tandem mass spec-
trometry (LC/ESI-MS/MS) in themultiple reactionmonitoring
(MRM) mode as described previously for acyl-CoAs, acylcar-
nitines, and glycolytic and citric acid cycle species (24–26).
Briefly, 3T3-L1 adipocytes were grown in 5 or 25 mM glucose-
containing media for 7 days. The media were removed, and the
metabolites were extracted with solvent (2.5:1:1 ratio of aceto-
nitrile/methanol/isopropyl alcohol) containing stable isotope-
labeled internal standards. Cell debris and precipitated proteins
were removed, and the supernatant was subjected to MS anal-
ysis after reverse phase LC for acyl-CoAs on a ZORBAX SB-18
column (3.5 �m; Agilent Technologies) and acylcarnitines
using a Symmetry C18 column (3.5 �m; Waters) and hydro-
philic interaction chromatography for glycolytic and citric acid
cycle metabolites with a Luna NH2 column (3 �m; Phenome-
nex). The solvent system for LC separation for analysis of acyl-
CoAs was as follows: solvent A, water/acetonitrile (95:5) in 15
mM ammonium hydroxide; solvent B, water/acetonitrile (10:
90) in 15 mM ammonium hydroxide; for acylcarnitines, solvent
A, 10mM ammonium acetate inwater; solvent B, 10mM ammo-
nium acetate in methanol; and for glycolytic and citric acid
cycle intermediates solvent A, 5 mM ammonium acetate in
water, pH9.9, and solvent B, acetonitrile. AnAgilent 6410 triple
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quadrupole MS system equipped with an Agilent 1200 LC Sys-
tem and an ESI source was utilized. Glycolytic, citric acid cycle,
acyl-CoA, and acylcarnitine species were each detected by their
characteristic LC retention time in the MRM mode following
ESI and comparing relative areas with those of corresponding
standards. A known amount of heptadecanoyl-CoA (C17:0)
was added into the biological samples to quantify palmitoyl-
CoA (C16:0), stearoyl-CoA (C18:0), oleoyl-CoA (C18:1),
arachidonoyl-CoA (20:4), and docosahexaenoyl-CoA (C22:6)
by comparing the relative peak areas of the reconstructed ion
chromatograms. Concentrations of carnitine, acetylcarnitine
(C2), propionylcarnitine (C3), butyrylcarnitine (C4), isovaleryl-
carnitine (C5), hexanoylcarnitine (C6), octanoylcarnitine (C8),
myristoylcarnitine (C14), and palmitoylcarnitine (C16) were
calculated by ratios of peak areas of known concentrations of
stable isotopically labeled analogs. Glycolytic and citric acid
cycle intermediates, including fructose 1,6-bisphosphate (FBP),
pyruvate, citrate, isocitrate, �-ketoglutarate, succinate, fumar-
ate, malate, oxaloacetate, and phosphoenolpyruvate, were also
evaluated by peak areas relative to those of isotopically labeled
standards. Isomers glucose 6-phosphate/fructose 6-phosphate
elute together as a single peak. Furthermore, both isomers have
an identical MRM transition. Therefore, these two compounds
could not be distinguished separately. Similarly, 2- and 3-phos-
phoglycerate have the same retention time and MRM transi-
tions. Henceforth, both of these pairs of compounds cannot be
individually quantified as the contribution of each of the isomer
to a peak is unknown. The relative abundance of the combined
peak of each of these isomerswas determined by ion intensity of
their peak areas. Data extraction and peak area analyses were
performed using MassHunter software. Data were normalized
to protein concentrations from cells measured by a bicin-
choninic acid (BCA) protein assay (Thermo Scientific).
Measurement of Oxygen Consumption Rate and Lactate Pro-

duction Rate—Assessment of oxygen consumption and lactate
production by adipocytes was done using a previously devel-
oped islet flow culture system (27) where modifications were
made to accommodate attached adipocytes. 3T3-L1 adipocytes
(106 cells) were seeded on glass coverslips within a rectangle
area (15 by 20 mm) on the upstream side of an area where a
polymerized platinum porphyrin dye was affixed (28). The cells
were then grown in culture media containing either 5 or 25mM

glucose for 7 days. Subsequently, the coverslip was placed into a
temperature-controlled 100-ml perfusion dish (Bioptechs) that
wasmounted onto the stage of aNikon Eclipse TE-200 inverted
microscope, and Krebs-Ringer buffer was pumped through the
dish at a flow rate of 50 �l/min. At 0 time, the solution contain-
ing 1 �M insulin, at which concentration uptake and phosphor-
ylation of insulin receptor is maximized, was perfused through
the chamber to monitor the insulin response (29). Fluorescent
emission of the dye was detected at 610 nm by a Photometrics
Cool Snap EZ camera (Photometrics) during excitation at 546
nm with a xenon lamp. Fluorescent signals were converted to
oxygen concentrations by use of a calibration curve determined
at the end of each experiment using tanks of gas with varying
oxygen levels. Outflow fractions were collected and subse-
quently assayed for lactate using a kit purchased from Invitro-
gen (Amplex Red glucose/glucose oxidase assay kit) per the

manufacturer’s instructions except that lactate oxidase was
substituted for glucose oxidase. Oxygen consumption and lac-
tate production rates were calculated as the product of the flow
rate and the difference between inflow and outflow levels of
oxygen or lactate, respectively, divided by the number of cells.
Inflow oxygen tensionwas determined at the end of each exper-
iment by inhibiting cellular respiration with antimycin A.
Measurement of NOX Activity by SOD-inhibitable Chemilu-

minescence and Cytochrome c Reduction—3T3-L1 adipocytes
were incubated for 10 min with hypotonic lysis buffer (25 mM

Tris-HCl, 1 mM EDTA, 1 mM EGTA, protease inhibitor, pH
7.4), homogenized with 10 strokes of a loose fitting Dounce
homogenizer, and centrifuged (1,000 � g, 4 °C, 15 min). The
supernatant was ultracentrifuged at 100,000 � g for 60 min at
4 °C. The pellet, which contained the membrane fraction, was
dissolved in suspension buffer (50mM triethanolamine, 150mM

NaCl, 2 mM MgCl2, 0.1 mM EGTA, protease inhibitor). Equal
amounts of membrane fraction protein were incubated in PBS
buffer with 100 units/ml catalase. For the chemiluminescence
assay, lucigenin (5 �M) and NADPH (100 �M) were added and
incubated for 10 min at 37 °C with or without SOD (125 units/
ml) and recorded using a luminometer (Berthold). For cyto-
chrome c reduction, cytochrome c (5 �M) and NADPH (100
�M)were added and incubated for 60min at 37 °Cwith/without
SOD (125 units/ml). Cytochrome c reduction was calculated
using absorbance at 550 nm corrected for background reading
at 540 and 560 nm.
Detergent-free Subcellular Fractionation—Lipid raft (LR)

and non-LR fractions from adipocytes were obtained by
Optiprep gradient centrifugation using a detergent-free proto-
col (30). Briefly, the cell pelletwashomogenized inbuffer (250mM

sucrose, 1 mM EDTA, 500 mM sodium bicarbonate, pH 11), with
15 strokes of a loose fitting Dounce homogenizer and sonicated
(20 times for 30 s). After centrifugation (1,000 � g, 10 min), the
post-nuclear supernatant fraction was added to 60% Optiprep to
make35%Optiprep (final concentration).The35%Optiprep sam-
ples were overlaidwith 5–35%OptiPrep as a discontinuous gradi-
ent and centrifuged at 60,000 rpm in a Beckman NVT 65.2 rotor
for 90min at 4 °C. After centrifugation, nine 0.5-ml fractionswere
collectedusing a fractioncollector.The fractionatedproteinswere
subjected to immunoblotting using antibodies against NOX4
(ABCAM) and caveolin-1 (Cell Signaling).
Measurement of Glucose Oxidation or �-Oxidation of Fatty

Acids—To measure the PPP activity and �-oxidation, we used
[1-14C]glucose, [6-14C]glucose, [1-14C]oleate, or [1-14C]palmi-
tate (American Radiolabeled Chemicals Inc.) as described pre-
viously (31–33). Adipocytes were gently detached with nonen-
zymatic dissociation solution (Sigma), and cell viability was
checked as described previously (12), counted using a hemocy-
tometer, and suspended inKrebs-Ringer buffer containing 1 nM
insulin and placed in vials.Wells containing cylinders ofWhat-
man filter paper were suspended above the adipocyte-contain-
ing solution in vials. The vials were stoppered with rubber caps,
gassed with 95%O2, 5%CO2, and 0.5�Ci of [1-14C]glucose and
[6-14C]glucose for glucose oxidation, or [1-14C]oleate or
[1-14C]palmitate for �-oxidation was injected into the vials.
After incubation for 60min at 37 °C, 200�l of hyamine hydrox-
idewas injected into thewells containing the filter paper, 200�l
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of 1 N HCl was added to the adipocytes, and the vials were
incubated overnight at 37 °C. The filter paper in the wells was
then transferred to 10 ml of scintillation fluid and counted.
Using this method, metabolized CO2 from [1-14C]glucose and
[6-14C]glucose, [1-14C]oleate, and [1-14C]palmitate was suc-
cessfully trapped in hyamine-soaked filter papers. In the PPP,
G6PD and 6-phosphogluconate dehydrogenase make NADPH
and CO2, which is derived from the first carbon of glucose.
During glucose metabolism the first carbon only releases CO2
from the PPP and the Krebs cycle. The Krebs cycle uses all
carbons equivalently; therefore, CO2 released from the 6-car-
bon of glucose will be the same as CO2 from the 1-carbon of
glucose. Thus, PPP activity can be measured by subtracting
CO2 labeled with 6-14C (which is derived from the Krebs cycle)
fromCO2 labeledwith 1-14C (derived fromboth theKrebs cycle
and the PPP).
Animals, Diet, and Tissue Collection—Mice (ob/ob, db/db,

and C57BL/6 littermate controls) were fed a chow diet for 24
weeks. At sacrifice, adipose tissues were snap-frozen at�70 °C,
and total RNA was isolated for measurement of NOX4 gene
expression. All experimental procedures were undertaken with
approval from the Institutional Animal Care and Use Commit-
tees of the University of Washington and Tokyo Medical and
Dental University.
Statistical Analysis—Statistical significance was determined

by Student’s t tests. All data are shown asmeans� S.D. of three
independent experiments performed in triplicate. p � 0.05 was
considered significant.

RESULTS

Effect of Excess Glucose and Palmitate onMitochondrial Oxi-
dative Phosphorylation—We previously showed that daily
replenishment ofmediumwith 25mMglucose or/and palmitate
(250 �M) for 7 days resulted in increased ROS generation by
differentiated 3T3-L1 adipocytes and was associated with
NF�B activation and chemotactic factor expression (12). To
test the hypothesis that excess glucosemight overload themito-
chondrial oxidation system, leading to leakage of electrons as a

source of ROS,we first characterized the effect of chronic expo-
sure to excess substrate on mitochondrial oxidative phosphor-
ylation in 3T3-L1 adipocytes.Neither excess glucose nor palmi-
tate increased intracellular ATP content (Fig. 1A), and oxygen
consumption rate was not changed by chronic exposure to high
glucose (Fig. 1B) suggesting that mitochondrial oxidation was
not elevated during hyperglycemia. In fact, ATP content was
actually slightly but significantly reduced by incubation with
high glucose and palmitate. Because decreased ATP content
could be due to an increase in uncoupling protein activity in
mitochondria, we measured the gene expression of Ucp-1, -2,
and -3. Ucp-2 was themajor isoform detected in these cells and
was not changed by excess glucose and palmitate. The expres-
sion ofUcp-1was undetectable, and the low expression level of
Ucp-3 was decreased by high glucose and palmitate (data not
shown). In contrast to mitochondrial oxidative phosphoryla-
tion, which did not appear to increase in the presence of excess
glucose, lactate production rate increased in response to high
glucose (Fig. 1C), suggesting increased glycolysis occurs during
chronic exposure to high glucose levels. �-Oxidation of FFAs
could also be a potential source of mitochondrially derived
ROS. We measured the expression level of CPT1�, the rate-
limiting enzyme for fatty acid �-oxidation, and CO2 release
from [1-14C]oleate and [1-14C]palmitate as indices of fatty acid
oxidation. Expression levels of CPT1� were suppressed by
excess glucose and palmitate and restored by DHA (Fig. 2A).
However, CO2 production from [1-14C]oleate or [1-14C]palmi-
tate through �-oxidation was not changed by exposure to high
glucose or palmitate, although �-oxidation was increased by
DHA (Fig. 2, B and C). These data suggest that �-oxidation is
not involved in ROS generated by exposure of adipocytes to
high glucose and palmitate. In support of these results, the
Krebs cycle intermediary metabolites, acyl-CoA or acylcar-
nitines, did not change between low and high glucose condi-
tions (Tables 1–3). However, 2,3-phosphoglycerate, an inter-
mediary metabolite in glycolysis, increased after exposure of
cells to high glucose (Fig. 2D).

FIGURE 1. Excess glucose and palmitate do not increase mitochondrial oxidative phosphorylation. Differentiated 3T3-L1 adipocytes were cultured for 7
days in low (5 mM) or high (25 mM) glucose media with or without added palmitate (250 �M) as indicated. A, ATP content was measured by an ATP assay kit.
Oxygen consumption rate (B) and lactate production rate (LPR) (C) were measured using a flow culture system as described under “Experimental Procedures.”
Oxygen consumption rate was measured in real time, and outflow samples were collected for lactate production rate and assayed for lactate, and the results
were averaged over the duration of the experiment for the two separate conditions. *, p � 0.001 versus 5 mM glucose control.
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As an additional test of the contribution of increased
mitochondrial substrate flux to the generation of superox-
ide, we also used the mitochondrion-specific superoxide
indicator, MitoSOX Red to measure mitochondrial superox-
ide. Excess glucose and palmitate exposure did not increase
MitoSOX-detectable superoxide. Mitochondrial integrity
was confirmed using MitoTracker� Green, detected both by
fluorescent microscopy and FACS analysis (Fig. 3, A and B).
Conversely, 3-isobutyl-1-methylxanthine, a phosphodies-
terase inhibitor that increases intracellular cAMP (34) and
significantly stimulates mitochondrial oxidative metabo-
lism, used as a positive control, led to a 10-fold increase of
mitochondrial oxygen consumption (data not shown) as well
as MitoSOX positive staining in mitochondria (Fig. 3B).
Taken together, these results do not support a significant
role for mitochondria in the production of ROS during expo-
sure to excess glucose and palmitate.

NOX4 Is the Only Member of the NOX Family Expressed in
Adipocytes and Its Activity Is Increased by High Glucose and
Palmitate—The Nox family is another potential source of ROS
generation. We measured mRNA expression levels of each
NOX family member (Nox1–5 and Duox1/2). Only NOX4 was
expressed in differentiated 3T3-L1 adipocytes. Other NOX
family members were detected at very low levels (Fig. 4A).
Moreover, the mRNA expression and protein level of NOX4
were not changed by exposure to high glucose, palmitate,
and/or DHA (Fig. 4, B and C).
To measure NOX activity in 3T3-L1 adipocytes, we isolated

whole cell membrane fractions by ultracentrifugation. NOX
activitywas increased after exposure of cells to high glucose and
palmitate and diminished by adding SOD (Fig. 5). Interestingly,
DHA suppressed NOX activity induced by excess glucose and
palmitate (Fig. 5). Because NOX4 is the only member of the
NOX family expressed to any extent in adipocytes, we assumed
this activity to be from NOX4.
Both Excess Glucose and Palmitate Stimulate NOX4-derived

ROS—To investigate the role of NOX4 on ROS generation
induced by high glucose and palmitate, NOX4 was silenced
with a NOX4-specific siRNA. Following transfection of differ-
entiated 3T3-L1 cells with a NOX4-specific siRNA, NOX4
expression levels weremarkedly silenced compared with trans-
fection of control scrambled constructs and of untreated cells

TABLE 1
Intermediary metabolites from Krebs cycle
The targeted metabolomic analysis by LC/ESI/MS/MS was performed in extracts
from 3T3-L1 adipocytes cultured in 5 or 25 mM glucose for 7 days as described
under “Experimental Procedures.” No significant difference in Krebs cycle was
noted. n � 5.

5 mM glucose 25 mM glucose

nmol/mg protein nmol/mg protein
Pyruvate 33.12 � 28.34 33.52 � 14.69
Fumarate 33.80 � 14.60 33.10 � 12.87
Malate 88.50 � 15.79 76.06 � 13.02
Citrate 4.84 � 1.17 3.58 � 0.69
Succinate 29.06 � 3.00 27.40 � 3.96
Phosphoenolpyruvate 28.29 � 9.29 47.54 � 14.51
Oxaloacetate 0.11 � 0.01 0.10 � 0.01
Isocitrate 0.14 � 0.02 0.10 � 0.02
�-Ketoglutarate 100.82 � 14.09 74.30 � 28.40

TABLE 2
Acyl-CoAs
The targeted metabolomic analysis by LC/ESI/MS/MS was performed in extracts
from 3T3-L1 adipocytes cultured in 5 or 25 mM glucose for 7 days as described
under “Experimental Procedures.”No significant difference in�-oxidation interme-
diary metabolites, including acyl-CoA, was seen. n � 5.

5 mM glucose 25 mM glucose

pmol/mg protein pmol/mg protein
Palmitoyl-CoA 44.23 � 6.69 61.31 � 11.98
Stearoyl-CoA 15.24 � 1.62 17.13 � 5.72
Oleoyl-CoA 146.88 � 27.50 170.55 � 22.32
Linoleoyl-CoA 28.07 � 4.93 26.68 � 4.88
Arachidonoyl-CoA 420.94 � 74.45 346.18 � 52.95
Docosahexaenoyl-CoA 9.92 � 2.78 8.40 � 1.56

TABLE 3
Acyl-carnitines and �-oxidation intermediary metabolites
The targeted metabolomic analysis by LC/ESI/MS/MS was performed in extracts
from 3T3-L1 adipocytes cultured in 5 or 25 mM glucose for 7 days as described
under “Experimental Procedures.”No significant difference in�-oxidation interme-
diary metabolites, including acyl-carnitines, was seen. n � 5.

5 mM glucose 25 mM glucose

nmol/mg protein nmol/mg protein
L-Carnitine 2.1679 � 0.2395 2.3395 � 0.3476
Acetyl-L-carnitine 0.3984 � 0.0529 0.4496 � 0.0706
Propionyl-L-carnitine 0.3258 � 0.0504 0.3460 � 0.0469
Butyryl-L-carnitine 0.0234 � 0.0065 0.0308 � 0.0054
O-Isovaleryl-L-carnitine 0.0115 � 0.0019 0.0143 � 0.0022
Octanoyl-L-carnitine 0.0005 � 0.001 0.0006 � 0.0001
Lauroyl-L-carnitine 0.0315 � 0.0052 0.0459 � 0.0033
Palmitoyl-L-carnitine 2.3952 � 0.3612 3.1198 � 0.7308

FIGURE 2. �-Oxidation is not increased by excess glucose, palmitate, and
DHA, although glycolytic pathway intermediates are increased by high
glucose in 3T3-L1 adipocytes. 3T3-L1 adipocytes were exposed to low or
high glucose with or without palmitate or DHA (250 �M) for 7 days. A, total
RNA was isolated and analyzed by multiplex real time RT-PCR using Cpt-1�-
specific primers and normalized to Gapdh. Some cells were detached and put
in vials for �-oxidation measurement with 0.5 �Ci of [1-14C]oleate or palmi-
tate for 3 h. �-Oxidation was estimated as 14CO2 production from [1-14C]o-
leate (B) or [1-14C]palmitate (C). D, targeted metabolomic analysis by LC/ESI-
MS/MS was performed in extracts from 3T3-L1 adipocytes cultured in 5 or 25
mM glucose for 7 days as described under “Experimental Procedures.” Incu-
bation of cells in elevated glucose led to a 2-fold increase in glycolytic path-
way intermediates, isomer pairs glucose 6-phosphate (G6P)/fructose 6-phos-
phate (F6P) and 2- and 3-phosphoglycerate (2&3PG). Relative abundance of
these isomer pairs are expressed normalizing ion intensity of peak areas to
protein content. *, p � 0.001 versus 5 mM glucose control.
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(Fig. 6A). Because other NOX family members could undergo
compensatory increases in NOX4-silenced adipocytes, we
determined the expression of other Nox isoforms, none of
which increased following NOX4 silencing (data not shown).
Treatment with high glucose or palmitate could potentially
increase otherNox isoforms and compensate for NOX4 silenc-

ing. However, none of the other isoforms were changed by
exposure to glucose excess or palmitate (data not shown). We
also measured ROS generation by FACS using CM-H2DCFDA
(Molecular Probes), a membrane-permeable dye that can be
oxidized by intracellular ROS to the fluorescent product 5- (and
-6) chloromethyl-2�,7�-dichlorofluorescein (CM-DCF) (35).

FIGURE 3. ROS induced by excess glucose and palmitate is not generated from mitochondria in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes
were cultured for 7 days in low (5 mM) or high (25 mM) glucose media with or without added palmitate (250 �M) as indicated. Mitochondria were stained by
MitoTracker Green and MitoSOX Red and photographed by fluorescent microscopy (Nikon Eclipse 80i, original magnification �400) (A) or analyzed by FACS (B).
The phosphodiesterase inhibitor, isobutyl-1-methylxanthine (5 �M), was used as a positive control for mitochondrial oxidative capacity (A and B).
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Daily exposure of cells to high glucose and palmitate for 7 days
increased intracellular ROS generation (Fig. 6B). Silencing of
NOX4 inhibited palmitate-derived as well as high glucose-de-
rived ROS generation. In addition, ROS generation by palmi-
tate in the presence of high glucose was partially inhibited by
NOX4 silencing (Fig. 6B). To examine the role of NOX4 on the
expression of chemotactic factor genes, we measured Saa3 and
Mcp-1 gene expression after silencing NOX4. Saa3 andMcp-1
gene expression induced by high glucose and/or palmitate was
suppressed by silencing NOX4 (Fig. 6, C and D), strongly sug-
gesting a causal link between NOX4-mediated ROS overpro-
duction and chemotactic factor gene expression.Unexpectedly,
pharmacological inhibition of NOX using diphenyleneiodo-
nium (DPI) and apocynin did not inhibit Saa3 andMcp-1 gene
expression induced by excess glucose and palmitate, but
slightly increased chemotactic factor gene expression (data not
shown), suggesting off-target effects.
NADPH Content in Adipocytes Is Induced by High Glucose—

NADPH, a co-factor for all the NOX enzymes, is produced in
the PPP. To determine the role of the PPP in the generation of
ROS and chemotactic factor expression in adipocytes, we first
measured NADPH concentrations in 3T3-L1 adipocytes

exposed to high glucose and/or palmitate. NADPH concentra-
tion was increased after exposure of cells to high glucose but
not to palmitate (Fig. 7A). Conversely, DHA blocked the
increase of NADPH induced by high glucose (Fig. 7A). To
measure PPP activity, we used [1-14C]glucose and [6-14C]glu-
cose as described previously (31–33). 14CO2 production from
[1-14C]glucose oxidation was increased by high glucose but not
by palmitate (Fig. 7B), suggesting oxidation via the PPP in the
presence of high glucose. 14CO2 production from [6-14C]glu-
cose oxidation only increased after exposure of cells to DHA,
suggesting that DHA was oxidized by the Krebs cycle (Fig. 7B).
Flux through the PPP, which is estimated as 14CO2 production
from [1-14C]glucoseminus 14CO2 production from [6-14C]glu-
cose, was only increased by high glucose but not by palmitate or
DHA (Fig. 7B). Thus, excess glucose could increase the content
of NADPH, a co-factor for NOX4 that is generated via the PPP.
Inhibition of PPP Activity Reduces ROS Generation and Che-

motactic Factor Gene Expression—To investigate the role of
PPP on ROS generation and chemotactic gene expression, we
inhibited G6PD, the rate-limiting enzyme of the PPP, using
G6PD-specific siRNA and the chemical inhibitors DHEA and
6-AN.We first examinedG6pd expression levels after exposure

FIGURE 4. NOX4 is the major isoform in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were cultured for 7 days in low or high glucose media with or
without 250 �M of palmitate or DHA. Total RNA was isolated and analyzed by multiplex real time RT-PCR using various Nox-specific primers and probes as
indicated (A and C) and normalized to Gapdh. NOX4 protein levels of cells were measured by immunoblot using an anti-NOX4 antibody (B). *, p � 0.001 versus
Nox1–3 and -5 and Duox1/2.

FIGURE 5. NOX activity is increased by exposure of cells to excess glucose and palmitate, although activity is decreased by exposure of cells to DHA.
NADPH-dependent and SOD-inhibitable superoxide release was measured by lucigenin chemiluminescence (A) and reduction of cytochrome c (B) in differ-
entiated 3T3-L1 adipocytes that were cultured for 7 days in low or high glucose media with or without 250 �M palmitate or DHA. *, p � 0.001 versus 5 mM

glucose control; **, p � 0.001 versus 25 mM glucose control.
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of adipocytes to high glucose, palmitate, and DHA, none of
which changed G6pd expression (data not shown). siRNA
transfection decreased G6PD mRNA and protein expression

compared with transfection of control siRNA constructs and
untreated cells (Fig. 8A). G6PD silencing with siRNA or inhibi-
tion with DHEA and 6-AN all inhibited the ROS generated by

FIGURE 6. NOX4 silencing inhibits ROS generation and chemotactic factor gene expression induced by excess glucose and palmitate in 3T3-L1
adipocytes. 3T3-L1 adipocytes were transfected with an siRNA specific for NOX4 or a scrambled siRNA (negative control) as indicated. 24 h later, the cells were
exposed to low or high glucose with/without palmitate (250 �M) for 7 days with daily medium changes. A, cell lysates were analyzed by immunoblot using a
NOX4 antibody and normalized to �-actin. B, cells were subjected to FACS analysis using CM-H2DCFDA. Results are plotted as counts (number of cells) on the
vertical axis versus DCF fluorescence intensity on the horizontal axis. Cells exposed to the indicated treatments are shown in histograms. Total RNA was isolated
and analyzed by multiplex real time RT-PCR using Saa3-specific (C) or Mcp-1-specific (D) primers and normalized to Gapdh. *, p � 0.001 versus negative control
in 25 mM glucose, **, p � 0.001 versus negative control plus palmitate in 25 mM glucose.

FIGURE 7. Pentose phosphate pathway activity and NADPH content are increased by excess glucose but not palmitate. 3T3-L1 adipocytes were exposed
to low or high glucose with or without palmitate or DHA (250 �M). At the end of 7 days, some cells were detached and put in vials for glucose oxidation
measurement with 0.5 �Ci of [1-14C]glucose or [6-14C]glucose. A, total cellular NADPH was measured by a NADPH assay kit. B, pentose phosphate pathway
activity was estimated as 14CO2 production from [1-14C]glucose minus 14CO2 production [6-14C]glucose after 1 h. *, p � 0.001 versus 5 mM glucose control. **,
p � 0.001 versus 25 mM glucose control.
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FIGURE 8. G6PD inhibition blocks the effect of both high glucose and palmitate on ROS generation and chemotactic factor gene expression. 3T3-L1
adipocytes were exposed to low or high glucose and/or palmitate (250 �M) with or without the G6PD inhibitors, 6-AN (5 �M) or DHEA (100 nM), for 7 days with
daily medium changes. For silencing experiments, some 3T3-L1 adipocytes were transfected with an siRNA specific for G6PD or a scrambled siRNA (negative control)
as indicated. 24 h later, the cells were exposed to low or high glucose with/without palmitate (250 �M) for 7 days with daily medium changes. A, total RNA and lysates
from transfected cells were analyzed by multiplex real time RT-PCR using G6pd-specific primers and normalized to Gapdh, or immunoblot using a G6PD antibody and
normalized to�-actin. B, FACS analysis was used to sort CM-H2DCFDA fluorescence in cells. Results are plotted as counts (number of cells) on the vertical axis versus DCF
fluorescence intensity on the horizontal axis. Cells exposed to 5 mM glucose are shown in blue, and cells exposed to the indicated treatments are shown in red. Total RNA
from cells treated with siRNA for G6PD (C and E), 6-AN and DHEA (D and F), as described above, was isolated and analyzed by multiplex real time RT-PCR using
Saa3-specific (C and D) or Mcp-1-specific (E and F) primers and normalized to Gapdh. *, p � 0.001 versus negative control in 25 mM glucose control; **, p � 0.001 versus
negative control plus palmitate in 25 mM glucose control; #, p � 0.001 versus 25 mM glucose control.
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both high glucose and palmitate (Fig. 8B). However, ROS gen-
eration induced by exposure to palmitate in the presence of
high glucose was only partially inhibited by G6PD silencing
(Fig. 8B).Moreover,G6PD silencing (Fig. 8,C andE) andDHEA
and 6-AN (Fig. 8, D and F) all inhibited Saa3 and Mcp-1 gene
expression induced by both excess glucose as well as palmitate
in 3T3-L1 adipocytes, suggesting that NAPDH production by
the PPP is involved in NOX4 activity and chemotactic factor
gene expression.
Excess Glucose and Palmitate Results in Translocation of

NOX4 into Lipid Rafts—Lipid rafts are a part of the plasma
membrane and are enriched in cholesterol, sphingolipids, and
caveolin. Some proteins are reported to become activatedwhen
theymove into LRs (36). To determine whether NOX4 is trans-
located to LRs following exposure of adipocytes to high glucose
or palmitate, we isolated LRs by ultracentrifugation. Non-LRs
sediment in the lower fractions, while LRs float toward the top
of the centrifuge tube. The presence of LRs was judged by
detection of caveolin-1 (CAV1). In 5 mM glucose, all NOX4
protein was present in non-LR fractions. However, after expo-
sure to 25 mM glucose, NOX4 proteins translocated into LRs
(Fig. 9A). Exposure to palmitate also resulted in translocation of
NOX4 from non-LRs into LRs (Fig. 9B). M�CD, a compound
that depletes membrane cholesterol and disrupts LRs, first
shifted the CAV1 proteins into the high density non-lipid raft
fraction and totally blocked excess glucose- as well as palmi-
tate-induced translocation of NOX4 into LRs (Fig. 9C). More-
over, M�CD blocked NOX activity induced by excess glucose
and palmitate (Fig. 9D) and also inhibited the increase of Saa3
and Mcp-1 gene expression induced by palmitate (data not
shown). Similarly, DHA also blocked the translocation of
NOX4 into LRs induced by excess glucose and palmitate (Fig. 9,
E and F). These results suggest that translocation of NOX4 into
LRs may be required for its activation. We also showed that
neither DHEA nor 6-AN interfered with the translocation of
NOX4 into LRswith orwithout palmitate stimulation (Fig. 9G),
suggesting that their effect is due to inhibition of G6PD rather
than raft disruption.
To extend our in vitro findings in 3T3-L1 adipocytes to in

vivomodels, we isolated cDNA from epididymal adipose tissue
from male ob/ob and db/db mice. Nox4 mRNA levels were
markedly increased in both ob/ob and db/dbmice (Fig. 10) rel-
ative to non-obese controls. These findings suggest that NOX4
might also have an important role in adipose tissue inflamma-
tion in vivo.

DISCUSSION

Our findings indicate that NOX4 is the source of ROS
induced by exposure of 3T3-L1 adipocytes to high glucose and
palmitate and that mitochondrial oxidation is not involved in
ROS generation. Moreover, NOX4-derived ROS leads to
increased chemotactic factor gene expression. These findings
also indicate that NOX4 activity is regulated by the PPP and
translocation into LRs. However, DHA inhibits NOX4 activity
by blocking these various mechanisms.
We previously have shown that excess glucose and certain

SFAs such as palmitate increase ROS generation, which leads to
increased expression of the chemotactic proteins SAA3 and

MCP-1 in 3T3-L1 adipocytes, although certain PUFA such as
DHA decrease ROS generation and these chemotactic factors
(12). Here, we further characterize the source of ROS generated
by adipocytes after exposure to increased glucose and SFAs.
ROS generation could be enhanced by increased flux through
the mitochondrial oxidative phosphorylation pathway in the
face of increased utilization of glucose and FFA (37–39). How-
ever, FFA that enter adipocytes are rapidly and predominantly
converted to fatty acyl-CoA and stored as triglyceride without
significantmitochondrial oxidation (40). Increased glucose oxi-
dation in mitochondria could also lead to increased mitochon-
drial superoxide generation. Prior studies have suggested that
quantitatively most carbon atoms derived from glucose do not
enter the Krebs cycle, which precedes mitochondrial oxidative
phosphorylation (41). Rather, excess energy derived from glu-
cose carbons undergoing glycolysis contributes to lipogenesis,
leading to energy storage in fat droplets (41). To test the poten-
tial role of mitochondrial oxidation in ROS generation in adi-
pocytes, we evaluated mitochondrial oxidative capacity in sev-
eral ways. Data from this study confirm that excess glucose does
not increase cellular ATP content and mitochondrial oxygen
consumption rate, which would argue against increased mito-
chondrial metabolic flux as a basis for increased adipocyte ROS
production. We also showed that intermediary metabolites of
the Krebs cycle and acyl-carnitines, which are involved in�-ox-
idation of fatty acids, did not change after exposure to excess
glucose and palmitate, respectively. Moreover, CO2 released
from �-oxidation did not change after exposure of adipocytes
to excess glucose and palmitate. In addition, we could not
detect any increase in superoxide radicals under high glucose
conditions using the MitoSOX probe. Our results also are sup-
ported by other studies that show that very little CO2 (�2%)
was generated via the Krebs cycle in rat adipose tissue and that
mitochondrial inhibitors did not reduce ROS generation
induced by glucose and palmitate in 3T3-L1 adipocytes (41, 42).
Therefore, we conclude that mitochondrial oxidation does not
increase ROS generation following exposure of adipocytes to
excess glucose and palmitate and that non-mitochondrial
sources of ROS generation are likely to have important roles in
adipocyte inflammation.
Besides mitochondria, the family of NOX is considered to be

an important source of ROS generation (13). NOX are mem-
brane-bound enzyme complexes that transfer electrons from
NADPH to oxygen, generating superoxide. This short lived,
nonmembrane-permeable ROS is converted to the longer lived
membrane-permeable ROS, hydrogen peroxide, predomi-
nantly by superoxide dismutase (13). The NOX family has
seven isoforms,NOX1,NOX2,NOX3,NOX4,NOX5,DUOX1,
and DUOX2 (43). These enzymes can be grouped into p22phox-
dependent (NOX1–4) and calcium-dependent (NOX5,
DUOX1/2) categories. NOX5 and DUOX1/2 require intracel-
lular calcium to activate ROS generation (44, 45). NOX1–4
form stable complexes with membrane-bound p22phox, and
NOX1–3 require additional cytosolic activators (p47phox,
p67phox, and NOXO1), whereas NOX4 is constitutively active
and acts independently of an activator protein (43, 46, 47). It is
therefore assumed that NOX1–3 mediates short term effects,
while NOX4 is responsible for long term effects. Consistent
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FIGURE 9. Excess glucose and palmitate induces the translocation of NOX4 to lipid rafts, and M�CD and DHA prevent the translocation of NOX4 in
3T3-L1 adipocytes. 3T3-L1 adipocytes were exposed to 5 or 25 mM glucose with or without palmitate (250 �M) (A and B), M�CD (10 �M, C and D), DHA (250 �M,
E and F), DHEA (100 nM) or 6-AN (5 �M) (G) for 7 days with daily medium changes. The LRs were isolated and fractionated by ultracentrifugation using a
detergent-free fractionation method. Proteins from OptiPrep-gradient fractions were immunoblotted with anti-NOX4 antibody and anti-caveolin-1 (CAV1)
antibody (A–C and E–G). Fractions 6 – 8 contain LRs, and fractions 1– 4 are non-LR-containing fractions. Membrane fractions obtained by ultracentrifugation
were isolated, and NOX activity was measured by NADPH-dependent and SOD-inhibitable lucigenin chemiluminescence assay (D). *, p � 0.001 versus 5 mM

glucose control. **, p � 0.001 versus 25 mM glucose control.
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with our results, a previous study has shown that NOX inhibi-
tors such as apocynin and DPI, but not mitochondrial inhibi-
tors such as oxypurinol, rotenone, and thenoyltrifluoroacetone,
suppressed ROS generation and inflammation in adipocytes
exposed to FFA in vitro and in adipose tissue from a diet-in-
duced mouse model of obesity (42). However, these studies did
not elucidate which NOX isoform accounted for the ROS gen-
eration. In our study, we found that Nox4 is the major Nox
isoform in differentiated 3T3-L1 adipocytes. Moreover, silenc-
ing NOX4 decreased ROS generation stimulated by excess glu-
cose as well as palmitate, leading to inhibition of Mcp-1 and
Saa3 expression. Thus, NOX4-derived ROSmay be a common
mediator induced by both excess glucose and palmitate in adi-
pocytes. In our study, NOX4 silencing did not completely block
the ROS generation derived from palmitate in the presence of
high glucose. Because silencing of NOX4 and G6PD was near
complete, as judged by Western blotting and quantitative PCR
(Figs. 6A and 8A), we would expect that the activities of these
proteins would be blocked to a considerable extent. However,
silencing NOX4 and G6PD or use of chemical inhibitors of
G6PD (DHEA and 6-AN) failed to completely block the ROS
generated or induction of Mcp-1 and Saa3 by palmitate in the
presence of high glucose. These findings suggest the existence

of other sources of ROS rather than partial knockdown of two
important players in common pathway. Unexpectedly, the
NOX inhibitors apocynin and DPI failed to suppress ROS gen-
eration induced by excess glucose and palmitate. In fact, these
inhibitors slightly increased chemotactic factor gene expres-
sion. This discrepancy might be due to the fact that DPI and
apocynin are nonselective flavoprotein inhibitors, which could
also block FAD or NAD oxidases in mitochondria, thereby
leading to ROS generation by other disturbances of electron
transfer.
To understand how NOX4 is regulated, we first investigated

the potential role of the PPP. The PPP generates NADPH and
the 5-carbon molecule pentose from the 6-carbon molecule
glucose. Because the PPP is major source of cellular NADPH,
cells that utilize large amounts of NADPH for fatty acid and
steroid biosynthesis (liver, adipose tissue, adrenal cortex, testis,
and lactatingmammary gland) have high levels of PPP enzymes
and produce abundant NADPH. Excess glucose and FFA are
stored in the form of triglycerides in fat droplets in adipocytes.
Carbon atoms in glucose can be converted to acetyl-CoA via
glycolysis and then can undergo lipogenesis prior to storage in
fat droplets. Although glucose can be metabolized directly via
glycolysis, it can also bemetabolized through the PPP, in which

FIGURE 9 —continued

FIGURE 10. NOX4 mRNA are increased in adipose tissue from genetically obese mice. ob/ob and db/db mice and C57BL/6 littermates were fed a chow diet
for 24 weeks. Epididymal fat was isolated and analyzed by real time RT-PCR using a Nox4-specific primer and probes (A, n � 5; B, n � 8). *, p � 0.001 versus
C57BL/6.
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NADPH and pentoses are generated. Adipocytes preferentially
metabolize glucose via the PPP, thereby producing abundant
NADPH, which is used for lipogenesis (41). Our data showed
that NADPH content and activity of the PPP was increased by
excess glucose but not palmitate alone in adipocytes. However,
inhibition of the PPP by the use of siRNAor chemical inhibitors
of the rate-limiting enzyme G6PD suppressed the increase in
NOX4 activity that was induced by the combination of glucose
and palmitate. Recent studies indicated that G6PD expression
is up-regulated in adipose tissue in genetic and diet-induced
obesity and that its overexpression is associated with increased
adipocyte inflammation and ROS generation (48, 49). Other
studies have shown that treatment with DHEA, a G6PD inhib-
itor, reduces obesity in Zucker diabetic fatty rats (50). Consis-
tent with these observations, our results show that inhibition of
G6PDabolishesMcp-1 and Saa3 gene expression andROSgen-
eration induced by excess glucose and palmitate in 3T3-L1 adi-
pocytes, and they support the concept that PPP and G6PD
could be modulators or mediators of adipose tissue inflamma-
tion. As with the NOX4 silencing experiment, inhibition of
G6PDH failed to block completely the ROS induced by palmi-
tate under high glucose conditions, which suggests that other
sources of ROS generation are likely to be present when both
glucose and palmitate are present concurrently.
LRs are membrane microdomains enriched in glycosylphos-

phatidylinositol-linked proteins, glycosphingolipids, choles-
terol, and caveolin. Caveolae and LRs are involved in protein
trafficking and efficient signal transduction (51–53). They serve
as compartments for the recruitment of cell signaling compo-
nents and enzymes to increase the efficient and rapid coupling
of receptors. These include some NOX components. In the
resting state, NOX2 and p22phox are closely associated with
each other in non-LR parts of the cell. Upon activation, they
move into LRs and assemble together with the cytosolic activa-
tors, p47phox and p67phox, thereby forming the active NOX2
enzyme complex that generates superoxide usingNADPH (36).
Little information was available as to whether NOX4 also
moves from the cytoplasm into LRs and, if so, whether this
translocation is required for NOX4 to increase ROS generation
in adipocytes. Our data show that excess glucose and palmitate
increased NOX4 assembly into LRs on the plasma membrane.
Disruption of LRs by M�CD blunted ROS formation and
diminished chemotactic factor expression. Thus, translocation
of NOX4 into LRs appears to play an important role in the
generation of ROSmediated by excess glucose and palmitate in
adipocytes.
n-3 PUFA in fish oils are postulated to have anti-inflamma-

tory effects (54–56). Previously, we have shown that n-3 PUFA,
eicosapentaenoate, and DHA inhibited ROS generation, NF�B
translocation, and chemotactic factor expression (12). How-
ever, the mechanisms of these effects of n-3 PUFA were
unknown. In this study, we show that DHA can reduce NOX4-
derived ROS generation, both by inhibiting PPP activity,
thereby leading to decreased availability of NADPH as a co-fac-
tor for NOX4, and by disrupting the assembly of NOX4 on
plasma membrane LRs.
A limitation of these studies is that they were performed

using in vitro differentiated 3T3 cells rather than in differ-

entiated stromal vascular cell fraction-derived pre-adi-
pocytes or intact mature adipocytes. However, we also were
able to show that NOX4 expression was increased in adipose
tissue isolated from mice with two genetic forms of obesity.
Adipose tissue contains several cell types in addition to adi-
pocytes, and we were not able to discern which cells are
expressing NOX4 in vivo, because these studies were per-
formed using whole adipose tissue. Nonetheless, these find-
ings suggest that findings similar to those we observed in
vitro also occur in intact mice.
In summary, our study implicates ROS generation induced

by overnutrition with excess glucose and SFA as playing a piv-
otal role in the generation of chemotactic factors by adipocytes
and on adipocyte inflammation in obesity. NOX4 rather than
mitochondrial superoxide overproduction appears to be the
source of this ROS generation, which can then trigger a
sequence of events that lead to adipose tissue inflammation and
insulin resistance. Thus, regulation of NOX4 represents a
potential therapeutic target for decreasing adipose tissue
inflammation and the accompanying insulin resistance.
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