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Oxidized Low-Density Lipoprotein Stimulates Macrophage
18F-FDG Uptake via Hypoxia-Inducible Factor-1a Activation
Through Nox2-Dependent Reactive Oxygen Species Generation
Su Jin Lee*1, Cung Hoa Thien Quach*2, Kyung-Ho Jung2, Jin-Young Paik2, Jin Hee Lee2, Jin Won Park2,
and Kyung-Han Lee2
1Department

of Nuclear Medicine, Ajou University School of Medicine, Suwon, Korea; and 2Department of Nuclear Medicine,
Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Korea

For 18F-FDG PET to be widely used to monitor atherosclerosis progression and therapeutic response, it is crucial to better understand
how macrophage glucose metabolism is influenced by the atherosclerotic microenvironment and to elucidate the molecular mechanisms of this response. Oxidized low-density lipoprotein (oxLDL) is
a key player in atherosclerotic inflammation that promotes macrophage recruitment, activation, and foam cell formation. We thus
explored the effect of oxLDL on macrophage 18F-FDG uptake and
investigated the underlying molecular mechanism including the
roles of hypoxia-inducible factor-1α (HIF-1α) and reactive oxygen
species (ROS). Methods: RAW264.7 macrophages were stimulated
with native LDL, oxLDL, or lipopolysaccharide. Cells were assessed
for 18F-FDG uptake, lactate production, membrane glucose transporter 1 (GLUT1) expression, and hexokinase activity. ROS generation, Nox expression, and HIF-1α activity were also measured.
Results: oxLDL (20 μg/mL) induced a 17.5 ± 1.7-fold increase in
macrophage 18F-FDG uptake by 24 h, which was accompanied by
increased lactate production, membrane GLUT1 expression, and
hexokinase activity. oxLDL-stimulated 18F-FDG uptake was completely blocked by inhibitors of Src or phosphoinositide 3-kinase.
ROS generation was increased to 262.4% ± 17.9% of controls by
oxLDL, and N-acetyl-L-cysteine completely abrogated both oxLDLinduced ROS production and 18F-FDG uptake. oxLDL increased
Nox2 expression, and nicotinamide adenine dinucleotide phosphate oxidase inhibition totally blocked increased ROS generation
and 18 F-FDG uptake by oxLDL. Finally, there was a clear ROSdependent increase of HIF-1α accumulation by oxLDL, and silencing
of HIF-1α completely abolished the metabolic effect of oxLDL.
Conclusion: oxLDL is a strong stimulator of macrophage 18F-FDG
uptake and glycolysis through upregulation of GLUT1 and hexokinase.
This metabolic response is mediated by Nox2-dependent ROS
generation that promotes HIF-1α activation.
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OXLDL

A

therosclerosis is an inflammatory disease in which macrophages activated through proinflammatory stimuli dynamically interact with vascular tissue to drive plaque progression (1). PET
using 18F-FDG provides noninvasive imaging of atherosclerotic
plaque inflammation (2). In human subjects, 18F-FDG uptake in
atherosclerotic lesions is increased in a manner that correlates to
cardiovascular risk (3,4) and is reduced after drug treatment or
risk modification (5,6). Thus, 18F-FDG PET holds promise for
monitoring disease progression and therapeutic response. However, to realize its full clinical potential, we crucially need a better
understanding of how macrophage glucose metabolism is altered
by the atherosclerotic microenvironment and the precise molecular mechanisms that regulate this metabolic response.
A key promoter of atherosclerotic inflammation including
monocyte recruitment (7), macrophage survival (8), activation,
and foam cell formation (9) is a modified form of low-density
lipoprotein (LDL) called oxidized LDL (oxLDL). Proinflammatory cytokines and lipopolysaccharide are effective stimulators of
macrophage 18F-FDG uptake (10–12), implicating a connection of
macrophage glucose metabolism to inflammatory phenotype. Similarly, exposure to modified LDL has been shown to promote
glucose metabolism of macrophages (13–15). High 18F-FDG avidity of atherosclerotic plaques can thus be thought to reflect heightened macrophage glucose use due to an elevated energy requirement from immune activation.
However, not all studies have asserted this link. A recent study
observed that macrophage glucose uptake was potently stimulated by
hypoxia but not by proinflammatory cytokines (16), suggesting that
hypoxia inducible factor-1a (HIF-1a) may have an important role
for stimulating macrophage glucose metabolism in atherosclerotic
lesions. Indeed, macrophages are well-adapted to oxygen-limiting
microenvironments (17), in which they depend on HIF-1a activity
to enhance glycolysis and promote their survival (18). HIF-1a also
plays an essential role in inflammatory activation of phagocytes under
normal oxygen tension (19,20), raising the question of whether the
effect of oxLDL exposure on glucose metabolism of normoxic macrophages is a HIF-1a signaling-dependent response.
It is also of interest that macrophages treated with oxLDL can
display an increase of reactive oxygen species (ROS) generation (21).
ROS has been implicated in HIF-1a stabilization (22–24), and lipopolysaccharide and oxLDL have been shown to induce both ROS
generation and HIF-1a activation in normoxic macrophages (25,26).
In this study, we thus tested the hypothesis that oxLDL stimulates
macrophage 18F-FDG uptake through a shift of glucose metabolism
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MATERIALS AND METHODS

30 min. The wells were then rinsed 4 times with 1% (v/v) acetic acid
(Merck) and dried, and stained cells were dissolved in 200 mL of
10 mM Tris base (pH 10.5) for 5 min with shaking. Finally, absorbance at 510 nm was measured on a microplate reader.

Cell Culture

Hexokinase Assay

RAW 264.7 cells and J774A.1 cells were from the Korean Cell Line
Bank. Peritoneal resident macrophages were prepared by injecting
5 mL of 3.8% thioglycollate medium (BD) into the peritoneum of
C57BL/6 mice. Cells harvested from mice at day 3 were transferred
to a culture plate, and macrophages attached to the bottom of the
plates were collected 8 h later. Human monocytes were isolated from
the peripheral blood of a normal healthy volunteer by centrifugation
with Histopaque 1077 (Sigma). The mononuclear cell layer was collected and washed with phosphate-buffered saline (PBS). Cells were
suspended in RPMI 1640 medium (Gibco BRL) supplemented with
10% fetal bovine serum and plated in 150-mm plates. After 2 h, nonadherent cells were removed by washing 3 times with RPMI medium.
Maturation of monocytes to macrophages was induced by incubation
in RPMI medium containing 10% autologous serum for 5 d. Cells
were maintained in Dulbecco modified Eagle medium containing glucose (4.5 g/L) (Gibco BRL; RAW 264.7 cells) or RPMI 1640 medium
(other cells) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, and penicillin–streptomycin (100 U/mL) in 5% CO2 at
37°C. For experiments, cells were seeded in medium containing 2%
fetal bovine serum. The medium was changed 24 h later, and cells
were treated with oxLDL (Academy Bio-Medical Co.), native LDL
(nLDL), or vehicle.

Cell homogenates were removed of cell debris by centrifugation at
1,000g at 4°C for 5 min, and supernatants were transferred to new
tubes and used as samples. Briefly, 50 mL of samples were added to
2.52 mL of reaction mixture containing 39 mM triethanolamine, 216
mM D-glucose, 0.74 mM adenosine 59-triphosphate, 7.8 mM magnesium chloride, 1.1 mM b-nicotinamide adenine dinucleotide phosphate, and 2.5 units of glucose 6-phosphate dehydrogenase. Formation
of the reaction product, NADPH, at 25°C was monitored by spectrophotometric measurements of increase in absorbance at 340 nm. One
unit was defined as the amount of hexokinase activity that phosphorylates 1 mM D-glucose per min at 25°C. Final results were expressed
as percentage of units per milligram of protein relative to that of
control samples.

18F-FDG

Intracellular ROS was measured using 5-(and-6)-chloromethyl-29,79dichlorodihydrofluorescein diacetate acetyl ester (CM-H2-DCFDA;
Invitrogen), a cell-permeable dye that freely enters intact cells and
is converted into fluorescent 2,7-dichlorofluorescein in the presence of
oxidative substances. Briefly, cells washed with PBS were incubated
with 10 mM CM-H2-DCFDA for 30 min at 37°C. After PBS washing,
fluorescent signal intensities at 490 nm excitation and 510- to 570-nm
emission wavelengths were measured using a Gliomax Multi detection
system (Promega).

toward glycolytic flux via a mechanism that involves ROS-mediated
HIF-1a activation.

Uptake Measurement

Cells were incubated for 30 min in 5% CO2 at 37°C with the
glucose analog 18F-FDG (370 kBq per well) added to culture medium.
After rapid washing twice with cold PBS, cells were lysed with 0.1N
NaOH and radioactivity was measured on a g counter (Wallac).
Results were expressed as percentage uptake relative to controls normalized to protein content.
nLDL, oxLDL, and lipopolysaccharide were added to culture
medium at 24 h or indicated time points before 18F-FDG uptake measurements. Blocking agents were added 2 h before initiation of oxLDL
or lipopolysaccharide stimulation. These included the ROS scavenger
N-acetyl-L-cysteine (NAC; Sigma), the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase inhibitors diphenyleniodonium chloride
(DPI; Sigma) and 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF;
Sigma; 0.3 mM), the Src inhibitor PP2 (Sigma), the phosphoinositide 3kinase (PI3K) inhibitor LY-294002 (Sigma), and the mitogen-activated
protein kinase inhibitor PD-98059 (Sigma).
Sulforhodamine-B (SRB) Assay

The influence of different treatments on RAW cell viability was
evaluated using SRB (Sigma) assays. In brief, cells were fixed for 1 h
at 4°C in 3.3% (w/v) trichloroacetic acid (Sigma) without removing
culture medium. After the plates were removed from the fixation
solution and tapped to completely dry, each well of cells was incubated with 100 mL of 0.057% (w/v) SRB at room temperature for

Lactate Production Assay
L-lactate in 100 mL of culture medium was measured using a Cobas
assay kit (Roche/Hitachi) in which lactate is enzymatically converted to
pyruvate and hydrogen peroxide. Hydrogen peroxide then undergoes an
enzymatic reaction to generate a colored dye that is measured by absorbance on a microplate spectrophotometer, and lactate concentration is
calculated in mU/mg from a standard curve of serially diluted standards.

Intracellular ROS Measurement

Immunoblotting of Plasma Membrane GLUT1

Cells in 100-mm plates were washed with PBS and solubilized
in 500 mL of lysis buffer containing sucrose (0.0856 g/mL), 10 mM
N-(2-hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid) (HEPES),
25 mM ethylenediaminetetraacetic acid, aprotinin (10 mg/mL), leupeptin
(10 mg/mL), and 1 mM phenylmethylsulfonylfluoride. Cell debris was
eliminated by centrifugation at 1,000g, and the supernatant was incubated at 4°C for 1 h with 1.5 mL of lysis buffer (sucrose [0.0856 g/mL],
10 mM HEPES, and 10 mM MgCl2). After centrifugation at 45,000 rpm
for 60 min, the membrane fraction pellet was dissolved in PBS and
20 mg were separated on a 10% polyacrylamide gel. The protein was transferred to lanes of a hydrobond ECL nitrocellulose membrane (Amersham
Biosciences) and incubated overnight at 4°C with a polyclonal antihuman GLUT1 antibody (Abcam; 1:1,000 dilution). Immunoreactive
protein was visualized by 1-h incubation with a horseradish peroxidase

TABLE 1
Reverse Transcriptase PCR Primer Sequences
Primer

Forward

Nox1

5′ TTTCTCTCCCGAAGGACCTCT 3′

5′ TGCCACCAGCTTATGGAAGG 3′

Nox2

5′ TTTGTCAAGTGCCCCAAGGT 3′

5′ GGCATCTTGGAACTCCTGCT 3′

Nox4

5′ CAGAAGGTCCCTAGCAGGAG 3′

5′ GCTGCATTCAGTTCAAGGAA 3′
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(HRP)–conjugated antirabbit IgG antibody (Cell Signaling; 1:5,000 dilution) and exposure on a high-performance chemiluminescence film.
Immunoblotting of HIF1-α and Silencing with Specific Small
Interfering RNA (siRNA)

Total cell lysates were prepared using PRO-PREP protein extraction solution (iNtRON Biotechnology), followed by Bradford protein
assays. An equal amount of 30 mg of protein was loaded into 8%
sodium dodecyl sulfate polyacrylamide gel, separated by electrophoresis, and transferred to a nitrocellulose membrane. After blocking
with 5% skim milk in Tris-buffered saline with Tween 20 for 1 h at
room temperature, the membrane was incubated overnight at 4°C with
a rabbit polyclonal antibody against HIF-1a (Abnova; 1:5,000 dilution).
For loading control, membranes were incubated with monoclonal antibody against b-actin (Santa Cruz; 1:5,000 dilution). The membrane was
then incubated with secondary antibodies at room temperature for 1 h.
The secondary antibody was HRP-linked antirabbit IgG antibody for
HIF-1a (Cell Signaling; 1:5,000 dilution) and HRP-linked antimouse
IgG antibody for b-actin (Cell Signaling; 1:5,000 dilution).
To silence HIF-1a expression, cells on a 24-well plate were transfected with mouse specific–HIF-1a siRNA (Santa Cruz) or scramble
control siRNA (Cell Signaling) using Lipofectamine LTX (Invitrogen)
according to the manufacturer’s protocol. Cells were used for experiments 48 h later.

Further inspection in RAW264.7 cells showed that oxLDL
stimulated 18F-FDG uptake in a dose-dependent manner, with
uptake levels reaching as high as 17.5 6 1.7-fold of controls by
a concentration of 20 mg/mL (Fig. 1B). This uptake level was
greater than the 11.2 6 0.7-fold increase achieved by 100 ng of
lipopolysaccharide per milliliter (Fig. 1B). Time course experiments demonstrated that both oxLDL and lipopolysaccharide

Immunoblotting and Reverse Transcriptase Polymerase
Chain Reaction (PCR) for Nox2 and Nox4 Expression

For immunoblotting, cells were lysed in PRO-PREP protein
extraction solution (iNtRON Biotechnology). Protein (60 mg) was
loaded in 10% sodium dodecyl sulfate polyacrylamide gel, separated
by electrophoresis, and transferred to a nitrocellulose membrane. The
membrane was incubated overnight at 4°C with goat polyclonal g91phox/Nox2 (C-15) or Nox4 antibodies (Santa Cruz; 1:500 dilution),
followed by incubation for 1 h at room temperature with donkey
antigoat IgG-HRP (Santa Cruz; 1:5,000 dilution). b-actin was used
as loading control.
For reverse transcriptase PCR experiments, total cellular RNA was
extracted using an RNeasy kit (Qiagen), and messenger RNA (mRNA)
(5 mg) was reverse-transcribed to complementary DNA using an
AccuPower RocketScript Cycle RT Premix kit (Bioneer) (Table 1).
Nox1, Nox2, and Nox4 mRNA levels were determined by real-time
PCR using quantitative PCR PreMix (Bioneer) and an ABI 7300
system (Applied Biosystems). All data were normalized to the mRNA
level of glyceraldehyde-3-phosphate dehydrogenase.
Statistical Analysis

Results are expressed as mean 6 SD or mean 6 SE as indicated.
Significance of difference between groups was evaluated by the Student tests for 2 groups and by ANOVA with Scheffé post hoc tests for
3 or more groups. P values of less than 0.05 were considered significant.
RESULTS
Effect of oxLDL on Macrophage

18F-FDG

Uptake

RAW264.7 cells, J774A.1 cells, murine peritoneal resident
macrophages, and human monocyte/macrophages all displayed
augmented glucose uptake by 24 h of exposure to oxLDL. For
RAW264.7 cells, 18F-FDG uptake increased to 319.5 6 68.9% of
controls by 5 mg of oxLDL per milliliter (Fig. 1A). For J774A.1
cells, murine peritoneal macrophages, and human macrophages,
20 mg of oxLDL per milliliter increased 18F-FDG uptake to
178.8% 6 8.9%, 144.1% 6 2.6%, and 227.2% 6 28.1% of control
levels, respectively (Fig. 1A).

OXLDL

FIGURE 1. oxLDL enhances glucose uptake in macrophages. (A)
RAW264.7 cells, J774A.1 cells, mouse peritoneal resident macrophages, and human peripheral monocytes/macrophages were exposed to oxLDL (5 μg/mL for RAW264.7 cells and 20 μg/mL for other
cells) for 24 h and measured for 30-min 18F-FDG uptake. Bars are
mean ± SEM of data from 3 independent experiments (n 5 6;
RAW264.7 cells) or mean ± SD of duplicate samples from single experiment (other cells). (B) Dose- (left) and time-dependent (right)
effects of stimulation with oxLDL (top) or lipopolysaccharide (bottom)
on RAW264.7 cell 18F-FDG uptake. Dose effects were performed with
24-h treatment and time effects were done with 20 μg of oxLDL per
milliliter or 100 ng of lipopolysaccharide per milliliter. Bars are mean ±
SD of triplicate (dose effects) or duplicate (time effects) samples from
single experiment expressed as percentage uptake relative to controls. *P , 0.05, **P , 0.01, †P , 0.0005, and ‡P , 0.0001, compared
with controls. LPS 5 lipopolysaccharide.
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Lactate production was increased to 185.3% 6 4.8% of controls
by 20 mg of oxLDL per milliliter (Fig. 2C), indicating augmented
glycolytic flux as the major driving force for increased glucose
uptake. Blocking experiments of candidate intracellular signaling
pathways showed that inhibition of Src with PP2 and PI3K with
LY-294002 completely blocked oxLDL-stimulated 18F-FDG uptake.
Inhibition of mitogen-activated protein kinase signaling with
PD-98059 caused a partial suppression of the effect (Fig. 2D).
Requirement of ROS Promotion for oxLDL Effect

FIGURE 2. oxLDL augments macrophage glycolysis by upregulating
hexokinase and GLUT1. (A) Total hexokinase activity in RAW264.7 cells
treated with 20 μg of nLDL or oxLDL per milliliter for 24 h. (B) Western
blots with protein band intensities for plasma membrane expressed
GLUT1 levels in cells treated as above. Equivalent protein loading
was confirmed by Ponceau staining of membrane, and absence of contamination by cytoplasmic protein was verified with anti–β-actin antibody. (C) Lactate production measured as concentration in medium of
cells treated as above. (D) Effects of inhibitors of Src (PP2, 10 μM), PI3K
(LY-294002, 5 μM), and mitogen-activated protein kinase (PD-98059,
50 μM) pathways on 18F-FDG uptake in cells stimulated with oxLDL
(20 μg/mL). Bars are mean ± SEM of data from 2 independent experiments (n 5 6; A and D) or mean ± SD of triplicate samples from single
experiment (B and C) expressed as percentage level relative to controls.
**P , 0.01, †P , 0.0005, and ‡P , 0.0001, compared with control group
(A–C) or oxLDL group (D).

required 24 h of stimulation for a full-blown effect on glucose
uptake (Fig. 1B).
Glycolytic Flux, Hexokinase Activity, and GLUT1 Expression

Hexokinase and GLUT1 were investigated as 2 major regulators of
cellular glucose uptake. The results showed that 24-h exposure to
20 mg of oxLDL per milliliter mildly but significantly increased
RAW264.7 cell hexokinase activity (111.6% 6 3.5% of controls;
Fig. 2A). Plasma membrane GLUT1 expression evaluated by Western
blots was clearly increased to 161.8% 6 8.5% of controls (Fig. 2B).

ROS generation in RAW264.7 cells was substantially increased
to 262.4% 6 17.9% of controls by 8-h treatment with 20 mg of
oxLDL per milliliter (Fig. 3A), which was comparable to that
induced by 100 ng of lipopolysaccharide per milliliter (295.9% 6
20.4% of controls; Fig. 3A). nLDL did not stimulate ROS generation (Fig. 3A). Time course experiments showed that ROS production began to increase from 4 h and reached a plateau by 8 h of
oxLDL treatment (Fig. 3B).
Scavenging of ROS with 10 mM NAC effectively blocked the
increase of ROS generation by oxLDL as well as that by lipopolysaccharide (Supplemental Fig. 1A [supplemental materials are
available at http://jnm.snmjournals.org]). This was accompanied
by a complete loss of the ability of oxLDL to augment 18F-FDG
uptake (Supplement Fig. 1B), indicating the requirement of increased ROS production for the metabolic effect.
Involvement of NADPH Oxidase

DPI (1 mM) and AEBSF (0.3 mM) completely abrogated the
effects of oxLDL and lipopolysaccharide to promote ROS generation in (Fig. 4A). Furthermore, this cancelation of effects on
ROS was accompanied by a complete abolishment of oxLDLand lipopolysaccharide-induced increase of 18F-FDG uptake
(Fig. 4A). To exclude the influence of altered cell viability on
these results, we performed SRB assays and found that treatment
with 20 mL of oxLDL per milliliter or 100 ng of lipopolysaccharide per milliliter for 24 h did not affect cell content (data not
shown). Cotreatment with 20 mL of oxLDL per milliliter and
1 mM DPI or 0.3 mM AEBSF appeared to slightly decrease cell
content, compared with treatment with oxLDL only, but not to
a statistically significant degree (87.3% 6 8.3%, P 5 0.27, and
80.2% 6 2.6%, P 5 0.09, respectively). These findings indicate
that the abilities of DPI and AEBSF to completely suppress
oxLDL-stimulated 18F-FDG uptake are not likely to have been
significantly contributed to by their influence on cell viability.
oxLDL treatment significantly increased
Nox2 mRNA and protein expression (Fig.
4B). In contrast, Nox4 mRNA and protein
levels were undetected in RAW264.7 cells
with or without oxLDL treatment (data not
shown). Nox1 mRNA was also low at baseline and did not increase but rather slightly
decreased by oxLDL treatment from 1.38 6
0.09 to 1.00 6 0.08 (P , 0.01; data not
shown).

FIGURE 3. Augmented generation of ROS is required for lipopolysaccharide and oxLDL effects.
(A) ROS production in RAW264.7 cells treated for 24 h with lipopolysaccharide (100 ng/mL), nLDL
(20 μg/mL), or oxLDL (20 μg/mL). Data are mean ± SEM of results from 2 independent experiments (n 5 5). ‡P , 0.0001, compared with controls. Fluorescent microscopy images of cells
undergoing CM-H2-DCFDA assays as measure of intracellular ROS are shown. (B) Time course of
stimulated ROS production by 20 μg of nLDL or oxLDL per milliliter. Data are mean ± SD of
duplicate samples. LPS 5 lipopolysaccharide.
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RAW264.7 cells treated with oxLDL for
24 h demonstrated markedly increased levels
of HIF-1a accumulation, which peaked at
6 h and persisted for up to 24 h (Fig. 5A).
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phages (27), and activity of hexokinase,
the first of a series of enzymes through
which glucose is metabolized. On examining candidate kinase pathways, the metabolic effect of oxLDL was completely
abrogated by an Src inhibitor (PP2), a critical player in the functional activation of
macrophages (28), as well as by a PI3K
inhibitor (LY-294002), consistent with the
regulatory role of this pathway in glucose
metabolism and immune cell activation (29).
Atherogenesis-associated macrophage
functions can be regulated by ROS that
signal through redox-sensitive proinflammatory pathways (21). Inflammatory macrophages are a major source of ROS
found in atherosclerotic plaques, which
acts as a second messenger of inflammatory response (30). Our assay using a redoxsensitive DCFH-DA dye revealed that
oxLDL induced a substantial augmentation of ROS production paralleling the
effect of lipopolysaccharide. In oxLDLtreated cells, intracellular ROS increased
in a time-dependent manner and reached
a plateau by 8 h. This ROS increase was
a requirement for the metabolic effects
of both oxLDL and lipopolysaccharide, because they were completely abolished by
scavenging of ROS with NAC.
Whereas ROS can be generated by
a variety of sources according to cell type,
NADPH oxidases are the professional producer in phagocytic cells (31). Consistent
FIGURE 4. oxLDL stimulates macrophage ROS production through NADPH oxidase. (A) Effects
of the NADPH oxidase inhibitors DPI (1 μM) and AEBSF (0.3 mM) on ROS generation (top) or 18Fwith this, our results showed that inhibition
FDG uptake (bottom) stimulated by lipopolysaccharide (100 ng/mL; left) or oxLDL (20 μg/mL;
of NADPH oxidase with DPI or AEBSF
right). Data are mean ± SD of duplicate samples of single experiment (lipopolysaccharide effect
totally abrogated the capacity of oxLDL
†
on ROS) or mean ± SEM of results from 2 independent experiments (remaining data). P , 0.0005
and lipopolysaccharide to induce ROS genand ‡P , 0.0001, compared with cells stimulated without inhibitors. (B) Western blots with protein
eration. Importantly, this was accompanied
band intensities (left) and mRNA levels (right) for Nox2 expression in oxLDL-stimulated RAW264.7
by total blocking of oxLDL- and lipocells. Bars are mean ± SD of triplicate samples from single experiment (left) or mean ± SEM of
data from 2 independent experiments (n 5 6; right). †P , 0.0005 and ‡P , 0.0001, compared with
polysaccharide-stimulated 18F-FDG uptake.
controls. LPS 5 lipopolysaccharide.
DPI acts by abstracting an electron from an
electron transporter and may nonspecifically
This effect was completely abolished by NADPH oxidase inhibi- inhibit several different electron transporters in addition to Nox
tion with AEBSF or DPI as well as by ROS scavenging with NAC isoforms. AEBSF blocks serine protease activity by interfering with
(Fig. 5B). Furthermore, silencing of HIF-1a expression with spe- cytoplasmic subunit association and could also inhibit effects uncific siRNA (Fig. 5C) was sufficient to completely block the abil- related to Nox. Neither DPI nor AEBSF is entirely specific for Nox,
ity of oxLDL to enhance 18F-FDG uptake (Fig. 5D).
and inhibition data without additional support by specific Nox2
siRNA should be taken with some caution.
Nox2 is the prototype NADPH oxidase in macrophages
DISCUSSION
that constitutes the primary source of ROS during oxidative
This study shows that oxLDL is a strong stimulator of 18F-FDG burst (31). In a previous study with J774 macrophages, Nox2 was
uptake in macrophages including RAW264.7 cells, J774A.1 cells, shown to mediate an increase of ROS generation stimulated
mouse peritoneal macrophages, and human monocyte/macrophages. by minimally oxidized LDL (21). In our results, oxLDL inIn RAW264.7 macrophages, this augmented uptake occurred in a creased both Nox2 mRNA and protein levels. Although Nox4
dose- and time-dependent fashion and was accompanied by an was previously identified as a source of ROS induced by oxLDL
elevation of lactate generation, indicating a shift of glucose me- in HMDM macrophages (32), we were not able to detect Nox4
mRNA or protein in RAW264.7 cells, similar to previous
tabolism toward glycolytic flux.
The increase of 18F-FDG uptake induced by oxLDL was shown reports (33). Also consistent with previous observations (33),
to be mediated through upregulation of both cell surface expres- we found low Nox1 mRNA levels in RAW264.7 cells at baseline.
sion of GLUT1, the major glucose transporter subtype in macro- Furthermore, Nox1 mRNA did not increase after oxLDL stimulation.
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is essential for oxLDL-induced stimulation of glycolytic flux in
macrophages. Furthermore, the increase of HIF-1a accumulation
and heightened 18F-FDG uptake induced by oxLDL were both
completely blocked by ROS scavenging with NAC, as well as by
inhibition of NADPH oxidase activity with AEBSF or DPI. ROS
has been suggested to be able to suppress the proteolytic degradation of HIF-1a by inhibiting prolyl hydroxylase activity. Our results
support the dependence on a ROS-sensitive pathway of increased
HIF-1a accumulation and 18F-FDG uptake by oxLDL (Fig. 6).
A limitation of our study is that although we confirmed oxLDLstimulated 18F-FDG uptake in multiple types of macrophages
including murine peritoneal and human peripheral monocyte/
macrophages, other experiments were performed only on RAW264.7
cells. Because the metabolic characteristics of proliferating macrophage cell lines can be different from harvested macrophages
and species-specific differences may also be present, key findings
of our study may need to be confirmed with harvested human
macrophages.
CONCLUSION

FIGURE 5. oxLDL promotes macrophage HIF-1α accumulation
through ROS generation. (A) HIF-1α levels in RAW264.7 cells exposed
to 100 ng of lipopolysaccharide per milliliter or 20 μg of oxLDL per
milliliter for 24 h (top) and time course of HIF-1α accumulation (bottom).
(B) Effects of DPI (1 μM), AEBSF (0.3 mM), and NAC (10 mM) on HIF-1α
accumulation stimulated by 24-h treatment with 20 μg of oxLDL per
milliliter. (C) HIF-1α level in cells transduced with scrambled siRNA or
HIF-1α–specific siRNA. Bars are mean ± SEM of data from 2 independent experiments (n 5 4). (D) Effects of scrambled siRNA or HIF-1α
siRNA on oxLDL-stimulated 18F-FDG uptake. Bars are mean ± SEM of
data from 2 independent experiments (n 5 6) expressed as percentage
uptake relative to controls. LPS 5 lipopolysaccharide.

Taken together, these findings indicate that Nox2 is likely responsible for the observed metabolic effects of oxLDL on
RAW264.7 cells.
Atherosclerotic plaques are often characterized by poor vascularization, requiring recruited macrophages to survive and perform
physiologic functions under a hypoxic environment (17). Cell
responses to low oxygen are mediated by HIF-1a, a key orchestrator of genes necessary for hypoxic adaptation (34). HIF-1a–
mediated responses including enhanced glycolysis can promote
macrophage survival under hypoxic stress (18) and are also necessary for inflammatory response mediation (19). In our study,
normoxic RAW264.7 cells showed a low level of baseline HIF1a expression, a finding that has also been observed in previous
studies (35). Although hypoxia is the major stimulant for HIF-1a
expression, other diverse agonists have been identified to stabilize
HIF-1a in normoxic macrophages (36), possibly indicating a potential role of HIF-1a in coordinating basal macrophage function.
The baseline HIF-1a expression appeared to be suppressed by
nLDL, which was an unexpected finding given the poor expression
of nLDL receptors in differentiated macrophages and the inability
of nLDL to induce foam cell formation under usual conditions (37).
Hence, the mechanism of this finding is not clear and may require further investigation for clarification. When normoxic
RAW264.7 cells were treated with oxLDL, this substantially promoted HIF-1a accumulation. Moreover, silencing of HIF-1a expression with siRNA completely abrogated the ability of oxLDL
to augment 18F-FDG uptake, demonstrating that HIF-1a activation

1704

THE JOURNAL

OF

Our results demonstrate that exposure to oxLDL significantly
increases RAW264.7 macrophage 18F-FDG uptake and glycolytic
metabolism through upregulation of GLUT1 expression and hexokinase activity. This response is mediated by HIF-1a activation,
which in turn is dependent on augmented ROS generation induced
by increased Nox2 expression.
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FIGURE 6. Schematic representation of intracellular molecular mechanisms leading to increased 18F-FDG uptake and enhanced glycolysis in
macrophages stimulated with oxLDL. LPS 5 lipopolysaccharide.
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