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Conventional cardiovascular imaging is invaluable for the assess-
ment of late sequelae of atherosclerosis, such as diminished per-
fusion reserve and luminal stenosis. Molecular imaging provides
complementary information about plaque composition and ongo-
ing biologic processes in the vessel wall, allowing the early diag-
nosis and risk stratification of patients. Detection of enhanced
glucose uptake, using '8F-FDG PET, has been proposed as a non-
invasive approach to track macrophage activation as a critical
event in the development and progression of atherosclerosis. In
this study, we determined the impact of macrophage polarization
on glucose metabolism and oxidative phosphorylation. Methods:
Murine peritoneal macrophages were incubated in the presence of
interferon-y (IFN-v) plus tumor necrosis factor-a (TNF-a), lipopoly-
saccharide (LPS), or interleukin-4 (IL-4) to induce classic (M1 and
M_ps) or alternative (M2) polarization, respectively. Glucose uptake
was measured using 3H-deoxyglucose. Oxidative phosphorylation
was evaluated using an extracellular flux analyzer. Mitochondrial
DNA copy numbers were quantified by polymerase chain reaction.
The expression of glucose transporter-1 (Glut-1), hexokinase-1
and -2 (Hk-1 and Hk-2, respectively), mitochondrial transcription
factor-1 (Tfam), and cytochrome c oxidase subunit | (Cox-7) was
determined by quantitative reverse transcription polymerase chain
reaction. Results: Stimulation of macrophages by LPS, but not
polarization with either IFN-y plus TNF-a (M1) or IL-4 (M2),
resulted in a 2.5-fold increase in 3H-deoxyglucose uptake. Enhanced
glucose uptake by M, ps macrophages paralleled the overexpression
of rate-limiting proteins involved in transmembrane transport and in-
tracellular trapping of glucose—that is, Glut-1, Hk-1, and Hk-2. Al-
ternatively polarized M2 macrophages developed a markedly
higher spare respiratory capacity than both nonpolarized and clas-
sically polarized M1 macrophages. M2 polarization was associated
with a 4.6-fold increase in mitochondrial content of the cells, com-
pared with nonpolarized macrophages. The expression of Tfam,
a major regulator of mitochondrial biogenesis, and Cox-1, a critical
component of respiratory chain, was significantly increased in M2
polarized macrophages. Conclusion: Polarization of macrophages
induces distinct metabolic profiles with respect to glycolysis versus
oxidative phosphorylation, with alternatively polarized macro-
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phages shifting to mitochondria as their main source of adenosine
triphosphate. Only M, ps, but not M1 or M2 polarized macrophages,
showed increased glucose uptake, suggesting that glucose metab-
olism is regulated independent of the polarization state and mac-
rophage polarization may not be detectable by '8F-FDG PET.
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Atherosclerosis is characterized by the continuous recruit-
ment and accumulation of monocyte-derived macrophages in
large- and medium-sized arteries. The pathologic and clinical
manifestations of atherosclerosis are highly variable, ranging from
chronic ischemic symptoms, caused by luminal stenosis and de-
creased perfusion reserve, to acute life-threatening complications,
such as myocardial infarction, as a result of plaque rupture or
ulceration (/,2). Therefore, stratifying risk, predicting the course
of disease, and monitoring the response to therapeutic or preventive
measures are important to establish an individualized approach to
patient management (/,2). Currently, conventional or computed to-
mographic angiography and myocardial perfusion scintigraphy are
the cornerstones of coronary atherosclerosis diagnosis. However,
these modalities are limited to advanced stages of disease when
significant luminal stenosis and reduced perfusion reserve have al-
ready occurred (/,2). Most acute myocardial events result from the
rupture of plaques, which do not produce hemodynamically signif-
icant stenosis (3), further limiting the potential of conventional im-
aging techniques. These vulnerable plaques are rich in inflammatory
cells, in particular macrophages, which contribute to plaque expan-
sion and weakening of the supportive fibrous cap through expression
of numerous cytokines, chemokines, and proteases predisposing
the plaque to rupture (/,2). Therefore, there has been a growing
interest in the development and validation of diagnostic approaches
that specifically target ongoing cellular and molecular events occur-
ring in the atherosclerotic vessel wall rather than assessment of their
late consequences.

The widespread availability of '8F-FDG as a Food and Drug
Administration—approved radiopharmaceutical, and the safety
concerns linked to other alternative imaging approaches (e.g., po-
tential adverse biologic effects of novel targeting agents, limited
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biodegradability of nanoparticles, and such), may explain why in
vivo targeting of macrophages by PET superseded other molecu-
lar approaches in clinical imaging of atherosclerosis. Early !3F-
FDG-based PET imaging studies showed promising results in
both the detection of inflammatory lesions and the response of
these lesions to therapeutic interventions (4-8). However, some
clinical studies failed to demonstrate a significant association be-
tween plaque inflammation and '8F-FDG uptake (4,9), hindering
the translation of experimental studies to the clinical practice.
Additionally, a direct association between increased glucose up-
take and specific macrophage functions or activation states has yet
to be validated.

Macrophages are primarily glycolytic (/0). At least 2 major
polarization phenotypes of macrophages have been identified—
that is, the proinflammatory (classic or M1) and the antiinflamma-
tory (alternative or M2) polarization states. Macrophages play
opposing functions in atherosclerosis and, within the vessel wall,
may be involved in both the progression and the resolution of
inflammation (/7,12). It has been assumed that enhanced 'SF-
FDG uptake in atherosclerotic lesions arises from inflammatory
activation of macrophages (/3) (i.e., polarization toward the M1
phenotype) and thus may be used to monitor inflammatory burden
of plaque and progression or response to therapy. However, exper-
imental data have been controversial.

In this study, we evaluated the bioenergetic profile of non-
activated (MO0) as well as classically (M1, interferon-y [IFN-vy]
plus tumor necrosis factor-a [TNF-a]) and alternatively (M2, in-
terleukin-4 [IL-4]) polarized macrophages. Lipopolysaccharide
(LPS) stimulation was used as an alternative method to induce
an inflammatory macrophage phenotype (M ps). Our data show
that glycolytic and oxidative phosphorylation profiles are distinct
between different macrophage phenotypes and depend on both the
polarization state and the specific stimulatory agents. However, glu-
cose uptake was enhanced only in response to LPS stimulation. Our
findings demonstrate that macrophage polarization is not necessar-
ily associated with increased glucose uptake and thus may not be
detected by '®F-FDG PET imaging. Furthermore, the distinct met-
abolic profiles of M1 and M2 macrophages suggest distinct func-
tions, responses, and fates of these macrophage subsets in response
to the dynamic microenvironment of atherosclerotic plaques.

MATERIALS AND METHODS

Animals

C57BL/6J mice were obtained from The Jackson Laboratories, bred
in-house, and fed a regular chow served as the source of primary
peritoneal macrophages for cell culture studies. Experiments were
performed according to regulations of the Animal Care and Use
Committees of the University of Texas Health Science Center at San
Antonio.

Cell Culture

Cell culture reagents were purchased from Gibco, unless otherwise
specified. Resident peritoneal cells were harvested from mice eutha-
nized by isoflurane and plated in RPMI-1640 medium, as previously
described (/4). After a 6-h incubation at 37°C, nonadherent cells were
removed by washing 3 times with the medium. Adherent macrophages
were cultured for 2 d in RPMI-1640 supplemented with 10% fetal
bovine serum, 1 mM sodium pyruvate, 2 mM GlutaMAX, nonessential
amino acids, and 20 mM N-(2-hydroxyethyl)piperazine-N'-(2-ethane-
sulfonic acid) buffer in the presence of IFN-y plus TNF-o (PeproTech;
50 and 10 ng/mL, respectively) or LPS (Calbiochem; 10 ng/mL) to
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induce inflammatory phenotypes, M1 polarization and M ps, respec-
tively. Alternative (M2) polarization was induced using IL-4 (Pepro-
Tech; 10 ng/mL) for the same duration. Macrophages that were grown
in the absence of the above cytokines were considered nonpolarized
or MO. The cell viability was greater than 95% as determined by
Calcein AM (Invitrogen) staining (data not shown).

Glucose Uptake Assay

Macrophages were washed 3 times with phosphate-buffered saline
and incubated for 15 min at 37°C with glucose and serum-free RPMI-
1640 supplemented with pyruvate and nonessential amino acids. 3H-2-
deoxyglucose (2.22 GBg/pmol; American Radiolabeled Chemicals
Inc.) was added to the culture medium at a specific activity of
37 kBg/mL, and cells were incubated for 30 min at 37°C. Subsequently,
cells were washed 3 times with cold phosphate-buffered saline and
lysed with 0.1 mM NaOH. 3H-2-deoxyglucose uptake was determined
in the lysates by liquid scintillation counting (LS 5000TD; Beckman
Coulter) and normalized to the protein content as determined by bicin-
choninic acid assay (Pierce). 3H-2-deoxyglucose uptake for each sam-
ple is expressed relative to the uptake by nonpolarized macrophages.

Mitochondrial Bioenergetic Assay

Lymphocytes constitute most of the nonmacrophage population
among resident peritoneal cells. To ensure a consistent cell density
among the experiments (125,000 cells/well), we depleted lymphocytes
from the peritoneal cell suspensions using mouse pan T (Thyl.2) and
pan B (B220) Dynabeads (Invitrogen) for mitochondrial bioenergetics
studies. Macrophages from 2-3 mice were pooled before plating and
were subsequently polarized, as described above. One hour before the
mitochondrial bioenergetic assay was performed, culture medium was
replaced with serum- and bicarbonate-free RPMI-1640 (HyClone,
SH40015-11) supplemented with 1 mM sodium pyruvate and nones-
sential amino acids. Cells were allowed to equilibrate for 1 h at 37°C.
Subsequently, the oxygen consumption rate (OCR) and extracellular
acidification rates (ECAR) were measured using a Seahorse Extracel-
lular Flux (XF) Analyzer (Seahorse Bioscience) following the manu-
facturer’s instructions. Basal OCR and ECAR as well as response to
sequential incubation with the mitochondrial inhibitors oligomycin
(1.45 pM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP, 1.45 uM), and rotenone (1 wM) were recorded. Oligomycin
is an adenosine triphosphate (ATP) synthase inhibitor and differenti-
ates oxygen consumption that is used for ATP synthesis from proton
leak across the inner mitochondrial membrane (/5). FCCP uncouples
the proton transport from ATP synthesis, resulting in the maximal
oxygen consumption without mitochondrial ATP generation, reflect-
ing the maximal respiratory capacity of the cells. The difference be-
tween maximal OCR (after addition of FCCP) and basal OCR is the
mitochondrial spare respiratory capacity (/5). Rotenone inhibits mito-
chondrial complex I and interferes with the use of nicotinamide adenine
dinucleotide (NADH) for ATP synthesis. The rotenone-insensitive
OCR reflects nonmitochondrial respiration (/5). On completion of
the experiments, cells were lysed, and their DNA contents were mea-
sured using the PicoGreen reagent (Invitrogen). OCR and ECAR data
were normalized to the DNA content.

Nitric Oxide (NO) Production Assay

Intracellular NO production was analyzed by incubating adherent
cells for 30 min with 1 uM 4-amino-5-methylamino-2',7’-difluorescein
(DAF-FM) diacetate (Molecular Probes). Cell were harvested, washed
with phosphate-buffered saline, and subsequently analyzed by flow
cytometry using a FACSCalibur flow cytometer (Becton Dickinson).
Data were analyzed using FlowJo software (Tree Star Inc.). Mean fluo-
rescence intensity values were calculated, and values are expressed as
fold change relative to NO production by MO macrophages.
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Gene Expression Assay

Total RNA was isolated from cells using Trizol reagent (Invitrogen).
Reverse transcription was performed using a QuantiTect Reverse
Transcription Kit, according to the manufacturer’s instructions. Quan-
titative reverse transcription polymerase chain reaction (qRT-PCR)
was performed on complementary DNA samples in triplicate using
Tagman gene expression assays (Invitrogen) and a real-time PCR sys-
tem (model 7900HT; Applied Biosystems). The following primers
were used: nitric oxide synthase-2 (Nos-2, Mm00440502_m1), Tnf-«
(Mm00443258_m1), found in inflammatory zone 1 (Fizz-1, Mm00445109_
ml), arginase-1 (Arg-1, Mm00475988_m1), chemokine (C-X-C motif)
ligand 9 (Cxcl-9, Mm00434946_m1), glucose transporter-1 (Glut-1,
Mm00441480_m1), hexokinase-1 (Hk-1, Mm00439344_m1), hexoki-
nase-2 (Hk-2, Mm00443385_m1), mitochondrial transcription factor 1
(Tfam, Mm00447485_m1), cytochrome c oxidase subunit I (Cox-1,
Mm04225243_gl), and hypoxanthine guanine phosphoribosyltransfer-
ase (Hprt, Mm01545399_m1). Amplification data were analyzed using
SDS2.4 software (Applied Biosystems), and gene expression levels
were normalized to Hprt as the housekeeping gene.

Mitochondrial DNA (mtDNA) Copy Number

mtDNA copy number was measured using quantitative PCR, as
described previously (/6). Cells were harvested in the lysis buffer
(10 mM Tris—HCI, 1 mM ethylenediaminetetraacetic acid [EDTA]
and 0.1% sodium dodecyl sulfate [SDS]) and incubated with proteinase
K at 55°C for 2 h. DNA was extracted using phenol:chloroform:isoamyl

alcohol (25:4:1), followed by chloroform phase separation. DNA was
subsequently precipitated using sodium acetate—isopropanol and
washed with 75% ethanol. After resuspension in H,O, total DNA con-
centration was measured using a Nanodrop 1000 spectrophotometer
(Thermo Scientific). Quantitative PCR amplification of cytochrome
c oxidase subunit I (forward primer sequence: 5'-TGCTAGCCG-
CAGGCATTAC-3'; reverse primer: 5'-GGGTGCCCAAAGAATCA-
GAAC-3') and NADH dehydrogenase ubiquinone flavoprotein 1
(forward primer: 5'-CTTCCCCACTGGCCTCAAG-3'; reverse primer:
5'-CCAAAACCCAGTGATCCAGC-3’), as mtDNA and nuclear DNA
(nDNA) encoded genes, respectively, was performed in triplicate using
SYBR Green PCR Master Mix (Invitrogen) (/6). The ratio of mtDNA
to nDNA was calculated as a marker of macrophage content of the cells.

Statistical Analysis

Statistical analyses were performed using Sigma Stat 12.0 (Systat
Software, Inc.). Data are expressed as mean * SD of at least 3 experi-
ments. ANOVA, followed by the Tukey post hoc test, was used to
compare the mean values between multiple groups. A P value of less
than 0.05 was considered statistically significant.

RESULTS

Ex Vivo Polarization of Murine Peritoneal Macrophages
To examine whether the activation state of macrophages alters
their bioenergetics and substrate preference, we chose 3 frequently
used models of macrophage polarization:
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Characterization of polarized peritoneal macrophages. gRT-PCR confirms dis-
tinctive polarization states of macrophages in our ex vivo system. M1 and M pg polarization
phenotypes were verified by overexpression of Nos-2 and Tnf-a. M2 polarization pheno-
type was characterized by increased expression of Arg-1 and Fizz-1. LPS treatment
induced expression of Arg-1, consistent with the development of an endotoxin-tolerance
phenotype. Data are expressed relative to expression of housekeeping gene Hprt (n = 3—

sion is consistent with the acquisition of
some M2-like phenotypes, associated with
endotoxin tolerance induced by long-term
exposure to LPS (17,18). To confirm that
IFN-vy plus TNF-o treatment induces a clas-
sically polarized macrophage phenotype,
we measured intracellular NO production.
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Using the NO-sensitive fluorescent dye DAF-FM, we demonstrated
a 2.6-fold increase in fluorescence in M1 macrophages compared
with MO macrophages (Supplemental Fig. 1; supplemental mate-
rials are available at http://jnm.snmjournals.org). Interestingly, in-
tracellular NO production was not elevated in M; pg macrophages,
compared with MO macrophages. One likely explanation for this
result might be found in the competition for the substrate, argi-
nine, between arginase and NO synthase, because both enzymes
are induced by long-term LPS treatment. The distinct expression
patterns of the marker genes and NO production obtained in our ex
vivo system confirm that each of the 3 activation conditions gen-
erated a unique macrophage polarization state.

Enhanced Glucose Uptake in M ps Macrophages

For the assessment of glucose uptake, we opted to use H-2-
deoxyglucose, rather than '8F-FDG, because of the long half-life
of 3H. Macrophage stimulation by LPS resulted in a 2.5-fold in-
crease in 3H-2-deoxyglucose uptake (Fig. 2A). In contrast, neither
M1 nor M2 polarized macrophages showed any significant increase
in 3H-2-deoxyglucose uptake. The 2 rate-limiting steps in the in-
tracellular accumulation of deoxyglucose are facilitated transport
by glucose transporters and intracellular trapping through phos-
phorylation by hexokinases (/9). We therefore evaluated by qRT-
PCR the expression of Glut-1, the major glucose transporter
isoform involved in glucose uptake by macrophages (/3), and the
expression of the hexokinase isoforms, Hk-1 and Hk-2. Consistent
with the enhanced 3H-2-deoxyglucose uptake in Mjpg macro-
phages, LPS resulted in a 5.7-fold increase in Glut-1 expression
(Fig. 2B). Neither M1 nor M2 polarization affected Glut-1 expres-
sion in peritoneal macrophages. In agreement with these results, we
also found in M ps macrophages a 3.4- and 4.1-fold increase in
expression of Hk-1 and Hk-2, respectively, compared with MO

macrophages (Figs. 2C and 2D). In contrast, Hk-1 and Hk-2 in-
duction was significantly less pronounced in both M1 and M2 po-
larized macrophages. M2 polarized macrophages showed a 1.9-fold
increase in Hk-1 and a 2.5-fold in Hk-2 expression, compared with
MO macrophages. M1 polarization resulted in a 2-fold induction of
Hk-2 but in no significant induction of Hk-1 (Figs. 2C and 2D).

Distinct Mitochondrial Respiratory Profiles During
Macrophage Polarization
Activation of immune cells is associated with enhanced energy
demand (20). Therefore, we evaluated whether M1 and M2 polar-
ized macrophages were able to use oxidative phosphorylation as
a more efficient and alternative mechanism for ATP generation. To
this end, we measured resting OCR and the mitochondrial respira-
tory profiles of MO, M1, M2, and polarized macrophages (Fig. 3).
Rotenone-insensitive (i.e., residual cellular) OCR, reflecting oxy-
gen consumption by nonmitochondrial sources, was similar be-
tween all 4 groups and thus independent of the polarization state
of the macrophages (Fig. 3). However, basal mitochondrial respi-
ration was significantly lower in My ps macrophages than in MO
macrophages (Supplemental Fig. 2A). Basal OCR was not signif-
icantly different between MO macrophages with either M1 or M2
polarized cells. OCR attributable to ATP production (Supplemental
Fig. 2B) and proton leak (Supplemental Fig. 2C) was also compa-
rable among the groups without any statistically significant dif-
ference. Interestingly, treatment of MO, M;ps, or M1 polarized
macrophages with FCCP failed to increase OCR, compared with
the basal level (Fig. 3), consistent with a lack of any significant
spare respiratory capacity in these cells (Supplemental Figs. 2D
and 2E). In stark contrast, M2 polarized macrophages increased
their OCR to more than 2.2-fold of the basal level in the presence
of FCCP (Fig. 3), demonstrating that alternatively activated mac-
rophages developed a significant spare re-

spiratory capacity (Supplemental Fig.
2D). Consistent with this finding, the
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their energy demand. The ECAR-to-OCR
ratio was significantly higher in M; pg mac-
rophages than in MO, M1, and M2 polarized
macrophages (Fig. 4), demonstrating that
LPS stimulation shifts the macrophages’
energy supply from mitochondrial ATP
production toward glycolysis, resulting in
extracellular acidification.
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FIGURE 2. Macrophage polarization and glucose utilization. Glucose uptake and RNA
expression of genes involved in intracellular trapping of 3H-2-deoxyglucose is enhanced in
M_ps macrophages. Inflammatory polarization of macrophages by LPS (M_ps), unlike IFN-y
plus TNF-a (M1), markedly enhances 3H-2-deoxyglucose uptake (A), which is associated
with overexpression of Glut-1 (B), Hk-1 (C), and Hk-2 (D). M2 polarization has no effect on
glucose uptake or expression of Glut-1. Modest increase is present in Hk-1 and Hk-2 ex-
pression in M2 and Hk-2 expression in M1 polarized macrophages without concomitant
increase in Glut-1 expression or 3H-2-deoxyglucose uptake (n = 5 for deoxyglucose uptake
and n = 3 for gene expression experiments). MRNA = messenger RNA.
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Mitochondrial Biogenesis in M2
Polarized Macrophages

We quantified the mitochondrial content
of polarized macrophages, as a major de-
terminant of spare respiratory capacity. As
shown in Figure SA, mtDNA copy num-
ber was 4.6-fold higher in M2 polarized
macrophages than in MO macrophages,
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FIGURE 3. Mitochondrial bioenergetics and macrophage polari-
zation. Real-time analysis of OCR demonstrates markedly different
respiratory profiles among polarized murine peritoneal macro-
phages at baseline and after incubation with specific mitochondrial
inhibitors. Basal mitochondrial respiration is significantly lower in
M_ps than in nonpolarized macrophages. Spare respiratory capac-
ity is negligible in nonpolarized and classically polarized (M1 and
M. ps) macrophages. On the other hand, OCR reaches to about
2.2-fold of basal level in M2 polarized macrophages in presence of
FCCP, indicating significant spare respiratory capacity of these
cells. Consistently, maximal respiratory capacity of M2 polarized
macrophages is also significantly higher in M2 than in classically
(M1 and M_ps) polarized macrophages (n = 7).

indicating that mitochondrial biogenesis is activated during alter-
native macrophage polarization. Increased mtDNA copy number
in M2 macrophages was associated with a 1.7-fold increase in the
expression of Tfam, an essential transcription factor in mtDNA
replication (27), and a 2.4-fold increase in the expression of Cox-1,
the gene encoding cytochrome ¢ oxidase subunit I (Figs. 5B and
5C). There was no significant difference in the expression of Tfam
or Cox-I and mitochondrial content of MO and M1 polarized
macrophages. Despite the significantly lower basal mitochondrial
respiration (Supplemental Fig. 2A), mitochondrial content of M pg
macrophages was not lower than that of MO macrophages (Fig.
5A), indicating that a functional defect underlies LPS-induced
suppression of oxidative phosphorylation. Additionally, the expres-
sion of both Tfam and Cox-I was significantly higher in My pg
macrophages than in nonpolarized macrophages, suggesting de-
fective mitochondrial biogenesis induced by LPS.

DISCUSSION

The goal of this study was to determine the metabolic profiles of
macrophages polarized into distinct polarization states. We found
that macrophages, depending on the stimulus and their polariza-
tion state, alter their reliance on glycolysis versus mitochondrial
respiration for energy production.

Microvascular occlusion and the rapid recruitment of inflam-
matory cells typically produce a hypoxic microenvironment in
sites of inflammation due to the increased tissue cellularity, which
exceeds the tissue’s angiogenic capacity (22). Atherosclerotic pla-
ques in both human and animal models contain hypoxic areas,
which may contribute to the progression of lesions and expansion
of the necrotic core (23,24). Macrophages are well equipped with
a metabolic arsenal to survive in hypoxic environments (25),

MACROPHAGE POLARIZATION AND GLUCOSE UPTAKE *

which is activated, at least in part, by overexpression of hyp-
oxia-inducible factors 1 and 2 (22). Relying on glycolysis rather
than mitochondria for energy production allows macrophages to
switch to anaerobic metabolism. It was therefore assumed that
activated macrophages would increase their glucose uptake, which
prompted investigators to use glucose uptake as a noninvasive
approach for imaging macrophage activation in atherosclerosis.
The availability and safety of '8F-FDG for human use have
allowed for early evaluation of this tracer in human vascular dis-
eases (1,5,10,26). '8F-FDG PET imaging of carotid atherosclerotic
disease is reproducible (27), with a high inter- and intrareader
agreement (28,29), and has been reported to correlate with the mac-
rophage content of plaques and the risk of future vascular events
(28,30-32), suggesting that it may be used to monitor disease pro-
gression and predict adverse outcome and the efficacy of therapeutic
interventions (10,19). '8F-FDG PET imaging of coronary arteries
is technically more challenging because of the high myocardial
glucose uptake, cardiac motion, and small caliber of the vessels with
regard to the low resolution of PET. However, it has been shown that
high '8F-FDG uptake can identify left main coronary artery culprit
lesions in acute coronary syndromes (26). On the other hand, there
are also both animal and human studies demonstrating a lack of
correlation between '8F-FDG uptake and macrophage content of
atherosclerotic lesions (4,9). These controversial data have been
a major obstacle in the translation of '®F-FDG PET imaging into
the clinical practice. We hypothesized that the diversity of macro-
phage activation pathways may explain some of these conflicting
data and therefore determined the impact of macrophage polariza-
tion on glucose uptake and oxidative phosphorylation.
Microenvironmental cues (e.g., cytokines and intercellular or
extracellular interactions) allow macrophages to undergo different
activation programs, which range from proinflammatory (M1 or
classic polarization) to antiinflammatory (M2 or alternative
polarization) phenotypes (2). IFN-y and LPS either alone or in
combination with other inflammatory cytokines—for example,
TNF-a—are the most widely used stimuli to induce M1 macrophage
polarization, characterized by high expression of proinflammatory
cytokines, such as IL-13, IL-6, IL-12, and TNF-a (2). Growth fac-
tors, such as granulocyte macrophage colony-stimulating factor,
can also induce M1 macrophage polarization (5). M2 polarization
in macrophages is induced ex vivo using cytokines, such as IL-4,
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FIGURE 4. Glycolysis vs. oxidative phosphorylation in polarized
macrophages. Basal ECAR-to-OCR ratio is significantly higher in
M ps macrophages than in MO, M1, and M2 polarized macro-
phages, demonstrating that LPS induced shift away from oxidative
phosphorylation toward glycolysis (n = 7).
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FIGURE 5. Mitochondrial biogenesis and macrophage polariza-
tion. Mitochondrial content and RNA expression of genes involved
in mitochondrial biogenesis and oxidative phosphorylation is signif-
icantly enhanced in M2 polarized murine peritoneal macrophages.
M2 polarization promotes mitochondrial biogenesis, as shown by
increased mitochondrial DNA copy number (mtDNA-to-nDNA ratio)
(A) and expression of Tfam (B), and Cox-1 (C). No significant differ-
ence exists in expression of Tfam and Cox-1 or mitochondrial con-
tent of MO and M1 polarized macrophages. LPS treatment induced
expression of both Tfam and Cox-1, but this was not associated
with significant increase in mitochondrial content of M _ps macro-
phages (n = 5 for mtDNA copy number and n = 3 for gene expres-
sion experiments). mMRNA = messenger RNA.

IL-10, and IL-13, and growth factors, such as monocyte colony-
stimulating factor (2). These cells are characterized by the production
of antiinflammatory mediators, and they contribute to the resolution of
inflammation and tissue repair (2). Both M1 and M2 macrophages
have been identified in human (33) and mouse (34) atherosclerotic
lesions. Recent data suggest that improved metabolic profile (e.g.,
reduction of hyperlipidemia and hyperglycemia) induces polariza-
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tion of plaque macrophages toward the alternative polarization
phenotype (35). Therefore, monitoring alterations in the polariza-
tion state of macrophages, in addition to the tracking of circulating
monocyte recruitment and macrophage content of plaques, may
help to accurately identify vulnerable lesions and determine the
dynamics of plaque progression or regression.

I8F.FDG PET imaging of atherosclerosis relies on the detection
of enhanced glucose uptake by activated macrophages. However,
recent experimental data obtained ex vivo have been controversial.
Some studies demonstrated unchanged glucose uptake by inflam-
matory activation of macrophages (IFN-y alone or in combination
with TNF-a, IL-1B) (/3). Others showed enhanced glucose uptake
by classic (combination of TNF-a, IL-13, IFN-y, and granulocyte
macrophage colony-stimulating factor), but not alternative (IL-4
and IL-13), macrophage polarization (36) and increased glucose
uptake by both M1 (cotreatment with IFN-y and LPS) and M2
(IL-4) polarized macrophages (37). Different sources of macro-
phages (i.e., human monocyte—derived macrophages in the first
(13) and murine bone marrow—derived macrophages in the latter
2 studies (36—38)) and the use of different polarization agents may
have contributed to these conflicting data. Here, we demonstrated
that glucose uptake is enhanced by LPS but not another well-
established inflammatory polarization protocol—that is, IFN-y
plus TNF-a. Increased glucose uptake by M;ps was associated
with overexpression of Glut-1 as well as Hk-1 and Hk-2, which
are critical in transmembrane transport and intracellular trapping
of 2-deoxyglucose. These findings demonstrate that enhanced glu-
cose uptake depends on the specific agents activating macro-
phages—for example, endotoxin—and is not an indispensible
component of polarization into an inflammatory state. In this
study, we chose LPS as one of the most accepted agents to induce
inflammatory macrophage polarization ex vivo. There is evidence
that even a low level of endotoxemia may trigger or accelerate
atherosclerosis by accentuating the production of proinflammatory
chemokines and cytokines, adhesion molecules, and reactive ox-
ygen species (39). Other stimulatory agents in a plaque microen-
vironment—including cytokines and growth factors, which may
enhance macrophage glucose uptake—remain to be determined.

M2 polarization of macrophages was associated with the
activation of mitochondrial biogenesis as shown by marked
overexpression of Tfam and Cox-1, an increase in mitochondrial
content of the macrophages, and the acquisition of a significant
spare respiratory capacity, which allowed M2 polarized macro-
phages to reach a maximal OCR of more than double their basal
respiration. Increasing the spare respiratory capacity has been pro-
posed to improve the bioenergetic stability of cells by decreasing
their dependence on energetically less productive glycolysis and
by increasing the range of potential substrates (e.g., lipids and
amino acids) (15,40). This may provide M2 macrophages with
a survival advantage during the resolution of inflammation, when
proglycolytic signaling mechanisms are fading away (40), a dele-
terious condition for cells that are predominantly dependent on
glycolysis, such as classically polarized macrophages. We can
speculate that the lack of a significant respiratory capacity in clas-
sically polarized macrophages may contribute to the preferential
death of these macrophage subsets during the resolution phase of
inflammation and thus the development of a predominantly M2-
skewed milieu, diminishing inflammation. Therefore, the impact
of these divergent metabolic profiles of polarized macrophages
may extend well beyond imaging applications, because they may
play significant roles in the etiology of atherosclerotic plaques.
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CONCLUSION

Our data demonstrate that enhanced glucose uptake is not an
intrinsic feature of inflammatory activation of macrophages but ap-
pears to be induced by selected stimuli, such as LPS. We also showed
that M2 macrophage polarization induces mitochondrial biogenesis,
resulting in the acquisition of a significant spare respiratory capa-
city, which may provide these cells with the necessary bioenergetic
flexibility to survive for long periods in a hostile environment. Our
identification of a wide metabolic diversity among polarized macro-
phages has profound implications for the interpretation of biologic
correlates obtained in patients with atherosclerosis by in vivo
imaging approaches (e.g., '8F-FDG PET) that target alterations in
the metabolic pathways of macrophages, as markers of disease
progression/regression and as measures of response to therapy.
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