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Abstract

The apoA-I (apolipoprotein A-1) mimetic peptide 4F favours the differentiation of human
monocytes to an alternatively activated M2 phenotype. The goal of the present study was to test
whether the 4F-mediated differentiation of MDMs (monocyte-derived macrophages) requires the
induction of an oxidative metabolic programme. 4F treatment induced several genes in MDMs
that play an important role in lipid metabolism, including PPAR y (peroxisome-proliferator-
activated receptor y) and CD36. Addition of 4F was associated with a significant increase in FA
(fatty acid) uptake and oxidation compared with vehicle treatment. Mitochondrial respiration was
assessed by measurement of the OCR (oxygen-consumption rate). 4F increased basal and ATP-
linked OCR as well as maximal uncoupled mitochondrial respiration. These changes were
associated with a significant increase in AW, (mitochondrial membrane potential). The increase in
metabolic activity in 4F-treated MDMs was attenuated by etomoxir, an inhibitor of mitochondrial
FA uptake. Finally, addition of the PPAR y antagonist T0O070907 to 4F-treated MDMs reduced the
expression of CD163 and CD36, cell-surface markers for M2 macrophages, and reduced basal and
ATP-linked OCR. These results support our hypothesis that the 4F-mediated differentiation of
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MDMs to an anti-inflammatory phenotype is due, in part, to an increase in FA uptake and
mitochondrial oxidative metabolism.
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INTRODUCTION

Classically activated M1 and alternatively activated M2 macrophages exert opposing effects
with respect to inflammation and possess different metabolic profiles [1]. Glycolytic activity
is enhanced in M1 macrophages due to the increased requirement for the rapid generation of
ATP for cellular processes such as respiratory burst activity [2]. In contrast, an increase in
oxidative phosphorylation in M2 macrophages is thought to facilitate secretion of proteins
that facilitate wound repair and healing, processes that require the sustained, but not
necessarily rapid, generation of ATP [3,4]. Furthermore, treatment of tissue-resident
macrophages with rotenone or 3-nitropropionic acid, inhibitors of oxidative
phosphorylation, prevented the alternative activation of M2 macrophages, as revealed by a
reduction in arginase expression and up-regulation of pro-inflammatory cytokines [1].

PPAR y (peroxisome-proliferator-activated receptor y), PGC-1 (PPARy co-activator 1)
isoforms and LXRa (liver X receptor a) are thought to play critical roles in M2 macrophage
differentiation via stimulatory effects on lipid metabolism and mitochondrial respiration
[1,5]. LXRa and PPARSs protect the cell from cholesterol overload by inducing ABCA1
(ATP-binding cassette transporter A1) expression and suppress M1 macrophage activation
by down-regulating nitric oxide synthase 2, IL (interleukin)-6, cyclo-oxygenase 2 and
components of the NF-xB (nuclear factor xB) pathway [1,6-8]. Activation of LPL
(lipoprotein lipase) by LXRa provides FAs (fatty acids) that act as ligands for PPARy [9].
Activation of PPAR yresults in the up-regulation of the scavenger receptor CD36 and the
mannose receptor MRC1 (or CD206), signature genes of antiinflammatory M2 macrophages
[10,11]. ATP formation in M2 macrophages is increased as these cells switch from
glycolysis to FA oxidation for energy production. PPARs have been shown to stimulate
oxidative phosphorylation and mitochondrial biogenesis (formation of new mitochondria)
during the alternative activation of M2 macrophages [12]. As a result, mitochondrial oxygen
consumption is significantly increased in M2 compared with M1 macrophages [13]. Taken
together, these data demonstrate that the modulation of cellular bioenergetic function is
potentially an important strategy for controlling macrophage differentiation and function and
a viable therapeutic target.

The apoA-I (apolipoprotein A-I) mimetic peptide 4F mimics properties of apoA-I including
the ability to mediate cholesterol efflux and inhibit monocyte chemotaxis [14]. 4F is an 18-
residue peptide, possesses an amphipathic helical structure and, in the presence of lipid,
forms discoidal HDL (high-density lipoprotein)-like particles. Previous studies show that the
peptide exerts vasoprotective effects under acute (sepsis) and chronic (atherosclerosis,
diabetes, lupus) inflammatory conditions [15]. Our previous observation that 4F, similar to
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apoA-I, induces the differentiation of monocytes to an alternatively activated M2
macrophage phenotype provides a potential mechanism to explain the anti-inflammatory
effect of the peptide [16,17]. In the present study, we tested the hypothesis that the effects of
4F on macrophage phenotype and function are associated with a change in cellular
bioenergetics. We show that 4F treatment of MDMs increases the expression of proteins that
regulate cellular lipid metabolism and mitochondrial oxidative metabolism. These changes
are accompanied by an increase in FA uptake/metabolism and mitochondrial respiration.

EXPERIMENTAL

Peptide synthesis

Cell culture

Microarray

The apoA-I mimetic 4F, an 18-residue class A amphipathic helical peptide with the
sequence Ac-DWFKAFYDKVAEKFKEAF-NH,, was synthesized using the solid-phase
peptide synthesis method [18].

Human subject protocols were approved by the Institutional Review Board of the University
of Alabama at Birmingham. Primary human PBMCs (peripheral blood mononuclear cells)
were isolated from buffy coats obtained from Research Blood Components by Ficoll
gradient separation. Monocyte cultures were derived by adherence as described previously
[16,17]. In some studies, monocytes were enriched using CD14-labelled beads and magnetic
separation before culture. Monocytes were grown in RPMI 1640 medium containing 10%
(v/v) FBS over a 7-day period. Over this period, monocytes attach to the cell culture
substrate and adopt a macrophage phenotype. 4F (50 pg/ml) or an equivalent volume of
saline vehicle was added to cells upon seeding and replenished on days 3 and 5. MDMs
were harvested for study on day 7. In some experiments, the PPAR y antagonist T0O070907
(10 uM; Cayman Chemical Co.) was added to the incubation medium for the final 24 h of
the incubation period.

Total RNA was isolated from MDMs, and purity was assessed by gel electrophoresis
(Agilent 2100 Bioanalyzer). Transcriptional profiling experiments were then carried out
using the Affymetrix Human Gene ST 1.0 Array, as described previously [17]. Data were
analysed using GeneSpring GX software. Differences between treatment groups were
determined by one-way ANOVA and the multiple testing correction method of Benjamini
Hochberg. A corrected P-value (g-value) was then calculated to correct for false-positive
discoveries. Datasets were deposited in the NCBI’s Gene Expression Omnibus repository
(GEO submission #GSE36933) [17].

gRT-PCR (quantitative real-time PCR)

cDNA was synthesized from purified RNA in a reaction mixture containing oligo(dT)2q
primer and SuperScript Il reverse transcriptase according to the manufacturer’s instructions
(Invitrogen). Gene-specific primer pairs were obtained from the NIH qPrimerDepot and
were validated using PubMed Gene and Sequence Manipulation Suite (Table 1). gRT-PCR
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was performed on the ABI 7300 Real-Time PCR System using SYBR Green PCR Master
Mix (Invitrogen). RPL37A was used as the housekeeping gene.

Immunoblotting

Cell lysates (30 pg) of MDMs were subjected to SDS/PAGE, transferred on to nitrocellulose
membranes and probed for different proteins using specific primary antibodies against
PPARy, CD36 and factin (Santa Cruz Biotechnology), VDAC1 (voltage-dependent anion
channel 1) and SDHB (succinate dehydrogenase subunit B; Abcam), and cytochrome ¢
oxidase 1 (Invitrogen). Antibodies against aconitase were provided by Dr. Scott Ballinger.
After labelling with appropriate secondary antibodies, proteins were visualized using
SuperSignal West Dura Extended Duration substrate (Life Technologies) using the
FluorChem M Western blot imaging system (ProteinSimple). Image analysis and
densitomery was performed using AlphaView SA software (ProteinSimple). Quantification
was only performed on images in which band intensities were below the saturation
threshold, as set by the imaging system. Ponceau S staining was performed on all
membranes after transfer to ensure transfer efficiency and equal protein loading (results not
shown). f-Actin was also used as loading template. Proteins that migrated near the same
molecular mass had duplicate membranes probed.

Flow cytometry

Day 7 MDMs (2x10° cells) were phenotyped using optimal concentrations of antibodies
against M2 macrophage surface markers, CD163-PE (phycoerythrin) and CD36-FITC or
control PE- and FITC-labelled irrelevant isotype control antibodies (BD Biosciences).
MDMs were incubated with antibodies in the dark for 20 min at 4°C using our standard
protocols [19], washed with 2 ml of PBS, fixed with 1 % (w/v) paraformaldehyde cytofix
(BD Biosciences) and analysed by flow cytometry. FACS data were analysed with FlowJo
software (Tree Star).

Measurement of FA uptake and oxidation

Vehicle- and 4F-treated MDMs were incubated with FA-free BSA-conjugated [1*CJoleic
acid. At different intervals, cells were washed extensively and lysed. The incorporated
radioactivity was then measured using a scintillation counter. FA oxidation in MDMs was
monitored as described previously [20]. Briefly, cells were incubated with [1*CJoleic acid
for 2h at 37°C. At the end of the incubation period, 1 M perchloric acid was added to the
conditioned medium to precipitate unoxidized FAs. 14CO, liberated by the oxidation of
oleic acid was then trapped on a filter disc saturated with 1 M sodium hydroxide and
counted using a scintillation counter. Radiolabelled FA uptake and oxidation were
normalized to cellular protein content.

Measurement of mitochondrial function in MDMs using extracellular flux analysis

OCRs (oxygen-consumption rates) in intact MDMs were determined using an Extracellular
Flux Analyzer (XF96) from Seahorse Bioscience. At 24 h before bioenergetics assessment,
MDMs were transferred on to XF microplates at an optimum seeding density of 150000
cells/well in RPMI 1640 medium containing 10 % (v/v) FBS without Phenol Red. Cells
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were washed with minimally buffered Dulbecco’s modified Eagle’s medium (pH 7.4) and
allowed to equilibrate for 1 h before measuring OCR, as described previously [21,22].
Several indices of mitochondrial function were measured in MDMs by sequential addition
of oligomycin (1 pg/ml), FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone; 0.9
UM) and antimycin A (10 pM), as described previously [21]. These included: (i) basal
oxygen consumption, (ii) ATP-linked oxygen consumption, (iii) maximal respiratory
capacity, (iv) reserve capacity, and (v) non-mitochondrial oxygen consumption. In some
experiments, the effects of FA uptake on mitochondrial OCR was assessed in the presence
and absence of etomoxir (50 uM), a CPT1 (carnitine palmitoyltransferase 1) inhibitor. In
other experiments, effects of the PPAR y antagonist T0070907 (10 uM) on the OCR were
tested.

Measurement of AY

Vehicle- and 4F-treated MDMs were incubated with TMRM (tetramethylrhodamine methyl
ester; 100 nM) for 30 min at 37°C, and TMRM fluorescence was read using a plate reader
with excitation at 548 nm and emission at 573 nm. In control experiments, cells were treated
with the mitochondrial uncoupling agent FCCP (10 uM) before measurement of
fluorescence in order to disrupt the proton electrochemical gradient and A¥,, (mitochondrial
membrane potential).

Mitochondrial copy number

RESULTS

DNA was extracted from MDMs (Qiagen kit), followed by quantification using an
Invitrogen PicoGreen Quant-iT™ kit. Samples were then diluted to a final concentration of
3 ng/ul. Mitochondrial DNA copy number was determined by performing a human
mitochondrial short PCR, as described previously [23]. Then, 15 ng of total genomic DNA
per reaction was used for qPCR. Duplicate samples underwent PCR amplification and were
resolved on a 10% polyacrylamide gel. The dried gel was placed on a phosphor-screen, and
an image was acquired after 12 h on a Storm Phosphorlmager scanner (Molecular
Dynamics). DNA product bands were quantified using image analysis software
(ImageQuant) and compared with untreated controls. Mitochondrial copy number was
normalized to the total amount of DNA per sample.

4F transcriptionally regulates genes that influence lipid metabolism

Our previous studies showed that depletion of cellular cholesterol in 4F-treated MDMSs was
associated with the differentiation of these cells to an anti-inflammatory M2 phenotype
[16,17]. We predicted that a reduction in cell cholesterol would lead to underlying changes
in the expression of genes that regulate lipid metabolism. In the present study,
transcriptional analyses of vehicle- and 4F-treated MDMs were performed, revealing
changes in key proteins involved in lipid metabolism (Table 2). Expression of LXRa and
PPARywere significantly increased in 4F-treated MDMs compared with vehicle control.
LXRa is an important transcriptional regulator of LPL which hydrolyses triacylglycerol-rich
lipoproteins, resulting in the release of free FAs. PPAR yregulates FA metabolism by
inducing the expression of CD36, a membrane receptor for FAs and lipoproteins. 4F also
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up-regulated PPARGC1B, the gene for PGC-1/, which is known to interact with PPAR y to
increase mitochondrial respiration and cell differentiation [1]. Finally, 4F increased
expression of FABPs (fatty-acid-binding proteins) 4 and 5, which act as lipid chaperones in
the cell, and up-regulated VDACL, a regulator of mitochondrial solute transport [24].
VDAC1 also interacts with CPT1a to form a complex that facilitates mitochondrial FA
uptake and oxidation [25,26]. gRT-PCR experiments were performed in order to validate
several genes in the microarray. Gene-specific primer sequences are shown in Table 1.
Similar to the microarray data, 4F significantly increased mRNA expression for PPARYy,
FABP4, FABP5 and VDACL (Table 3). There was a trend towards increased mRNA
expression for LPL and CD36 in 4F-treated MDMs; however, these changes were not
significantly different from vehicle treatment (Table 3). No difference in PPARGC1B
mMRNA was observed.

4F increases FA uptake and g-oxidation in MDMs

Results of transcriptional studies suggested that 4F may influence macrophage phenotype/
function by a mechanism involving PPAR y up-regulation and an increase in FA uptake and
metabolism. Immunoblotting studies confirmed the up-regulation of PPAR y protein levels in
4F-treated MDMs (Figure 1). Although gRT-PCR studies did not support the increased
expression of CD36 observed in the microarray, we found that 4F increased CD36 protein
expression (Figure 1). Previous studies have identified PPAR y as a critical mediator of M2
macrophage differentiation [1,5]. Our flow cytometry studies show that 4F increases the
expression of CD163 and CD36, cellular markers for alternatively activated M2
macrophages, by 50% compared with vehicle treatment (Figure 2). This response was
inhibited by addition of the PPARy antagonist T0070907 (10 uM) to 4F-treated cells,
consistent with the hypothesis that PPARy plays a role in 4F-mediated differentiation of
macrophages to an M2 phenotype (Figure 2). In subsequent experiments, we tested whether
the transcriptional up-regulation of CD36 was associated with an increase in FA uptake in
4F-treated MDMs. 4F treatment significantly increased the uptake of [14CJoleic acid in
MDMs in a time-dependent manner compared with vehicle treatment (Figure 3A). At the 4 h
time point, FA uptake was increased approximately 2.5-fold by 4F treatment compared with
vehicle control. Furthermore, mitochondrial FA oxidation, monitored via the liberation of
radiolabelled CO5, was increased approximately 2-fold by 4F treatment (Figure 3B). These
data suggested that 4F increases the availability of substrates for mitochondrial respiration
and oxidative phosphorylation.

The 4F-mediated increase in mitochondrial respiration is linked to up-regulation of
respiratory chain proteins

To test the effects of 4F on cellular respiration in MDMs, we monitored mitochondrial
respiration using a Seahorse XF96 Metabolic Flux Analyzer. Representative Seahorse
profiles for MDMs treated with vehicle or 4F are depicted in Figure 4(A). Basal OCR was
measured first, followed by addition of oligomycin, an inhibitor of the ATP synthase
(Complex V). The difference between the basal rate and the oligomycin-insensitive rate
reflects the amount of OCR that is used for ATP generation. The change in OCR after
addition of FCCP yields the maximum oxygen consumption that can take place at
cytochrome c oxidase (Complex 1V). Finally, antimycin A was injected to inhibit electron
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flux through Complex I11. This yields the OCR that is due to non-mitochondrial sources of
oxygen consumption. Bioenergetic profiles revealed that 4F treatment increased: (i) basal
OCR,; (ii) ATP-linked OCR; and (iii) maximum oxygen consumption (Figures 4B—4D).
Absolute OCR values varied between wells and, under basal conditions, ranged from 7.02 to
8.47 and 10.56 to 11.75 pmol/min per 10% cells in control and 4F-treated MDMs
respectively. These studies also showed that PPAR y activation is required for the 4F-
mediated increase in basal and ATP-linked OCR since these responses were abolished by
pre-treatment with the antagonist T0070907 (Figures 4B and 4C).

Transcriptional analyses showed that 4F treatment resulted in an increase in expression of a
number of mitochondrial genes (Table 4). These included genes encoding metabolic
regulators such as aconitase 1 and 2, acyl-CoA dehydrogenase (ACADM), and VDACL.
Subunits of respiratory complexes were also up-regulated, including succinate
dehydrogenase (ubiquinone) iron—sulfur subunit (Complex I1) and cytochrome ¢ oxidase |
(Complex 1V) (Table 4). Immunoblotting studies confirmed that 4F significantly increased
protein expression for aconitase (type 1 and 2 isoforms), VDACL, succinate dehydrogenase
(ubiquinone) iron—sulfur subunit and cytochrome c oxidase 1 (Figures 5A-5D). An increase
in the oxidation of respiratory chain substrates is linked to proton pumping across the inner
mitochondrial membrane which gives rise to the AW, [27]. The subsequent transport of
protons through the ATP synthase (Complex V) is linked to the formation of ATP. In order
to determine whether the 4F-mediated increase in the OCR influenced the AW, relative
changes in membrane potential were measured using the fluorescent probe TMRM. 4F
treatment increased TMRM-dependent fluorescence compared with vehicle, consistent with
an increase in AW, (Figure 5E). To determine whether the observed increases in
mitochondrial gene expression and the OCR in 4F-treated MDMs was due to mitochondrial
biogenesis, mitochondrial DNA copy humber was measured. DNA copy number was similar
in control and 4F-treated MDMs (Figure 5F).

Inhibition of FA uptake attenuates effects of 4F on mitochondrial respiration

Our data suggested that an increase in PPARyand CD36 expression is associated with an
increase in FA uptake in 4F-treated MDMs. In order to determine whether the increase in
mitochondrial OCR in 4F-treated MDMs was directly related to enhanced FA uptake, we
monitored effects of the FA uptake inhibitor etomoxir on mitochondrial respiration.
Bioenergetic profiles for vehicle- and 4F-treated MDMSs exposed to etomoxir are shown in
Figure 6. Similar to data presented in Figure 4, basal OCR was increased in 4F-treated
MDMs compared with control. Addition of etomoxir reduced basal OCR in vehicle-treated
MDMs by 15%. A larger decrease in basal OCR (24% reduction; P <0.001) was induced by
etomoxir in 4F-treated cells. As a result, a new equilibrium was established at which basal
and ATP-linked OCR were similar in both vehicle- and 4F-treated MDMs. Despite this
prominent inhibitory effect of etomoxir on basal and ATP-linked OCR, maximal oxygen
consumption remained elevated in 4F-treated MDMs compared with vehicle treatment.
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DISCUSSION

Circulating mononuclear cells infiltrate tissues, including the blood vessel wall, where they
differentiate into macrophages. The differentiation pathway of monocytes is influenced by
the local micro-environment [28]. In the presence of Thl cytokines (interferon y, IL-2) and
lipopolysaccharide, monocytes differentiate into classically activated M1 macrophages [28].
These cells induce cytokine/chemokine release (tumour necrosis factor a, IL-6, monocyte
chemotactic protein 1), increase nitric oxide production via up-regulation of nitric oxide
synthase 2 and play an important role in the host defence response. In contrast, Th2
cytokines (IL-4, IL-13) induce the differentiation of monocytes to an alternatively activated
M2 phenotype. M2 macrophages secrete the anti-inflammatory cytokine IL-10 and play a
critical role in resolving inflammation and promoting wound healing [28]. M1 and M2
macrophages possess distinct bioenergetic profiles [1]. Pro-inflammatory M1 macrophages
utilize glycolysis for the rapid generation of ATP. In contrast, metabolism in M2
macrophages is characterized by an increase in f-oxidation and oxidative phosphorylation
[1]. Under these conditions, M2 macrophages function to promote wound healing and repair,
processes that require the prolonged generation of ATP [3,4,13].

4F is an apoA-I mimetic peptide that mimics the functional properties of HDL [29]. A recent
study suggests that functional HDL induces an anti-inflammatory phenotype in macrophages
by up-regulating ATF3 (activating transcription factor 3) [30]. Although the mechanism by
which HDL induces the transcription factor was not described, the authors demonstrated that
ATF3 acted as a repressor of NF- xB-dependent target genes [30]. Similarly, endotoxin
tolerance is associated with the adoption of an anti-inflammatory M2 phenotype in
macrophages and requires the induction of ATF3 [31]. We reported previously that 4F,
similar to apoA-I, induces human MDMs to adopt an M2 phenotype [16,17]. 4F-treated
MDMs displayed an anti-inflammatory gene profile, expressed typical M2 macrophage
surface markers and exhibited attenuated responses to lipopolysaccharide stimulation
[16,17]. Under these conditions, M2 differentiation was associated with the depletion of
cellular cholesterol and disruption of lipid rafts [17]. Since rafts are cholesterol-enriched
microdomains that regulate a variety of cellular responses [32], we set out to determine
whether 4F-induced alternative macrophage differentiation was associated with changes in
cellular lipid metabolism and bioenergetics.

Gene profiling studies showed that 4F treatment up-regulated a number of genes in MDMs
that play an important role in lipid metabolism and mitochondrial respiration. Specifically,
microarray data showed that expression of PPARy, LXRa, LPL, FABP4 and FABP5 was
significantly increased. The up-regulation of PPARy, FABP4 and FABP5 was confirmed
further by gRT-PCR. PPARs and LXRs modulate cellular cholesterol content via regulation
of ATP-binding cassette transporters (ABCA1, ABCG1), apoE (apolipoprotein E) and
scavenger receptor class B1 [33]. LXRa also induces expression of LPL which hydrolyses
triacylglycerol-rich lipoproteins, resulting in the release of free FAs that act as ligands for
PPARy activation [9]. In the present study, LPL mRNA expression was increased by 4F
treatment; however, this did not reach significance compared with vehicle treatment (Table
3). Both FABP4 and FABP5 were significantly up-regulated by 4F (Table 3). FABPs bind
long-chain FAs and peroxisome proliferators and traffic them between cellular
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compartments [24]. It follows that binding of FABP4 to PPARy results in an increase in its
transcriptional activity [34]. PPARy regulates numerous genes that modulate cellular
differentiation, insulin sensitivity, oxidative phosphorylation and inflammation [10]. It also
up-regulates CD36, a scavenger receptor that mediates uptake of FAs and oxLDL (oxidized
low-density lipoprotein) [35]. Immunoblotting data presented in Figure 1 confirmed an
increase in protein expression for both PPAR yand CD36 in 4F-treated MDMSs. Subsequent
functional studies showed that 4F significantly increased FA uptake and f-oxidation (Figure
3). It follows that PPAR y-null macrophages fail to suppress inflammatory responses and do
not adopt the oxidative metabolic programme associated with an M2 phenotype [3].

Microarray and Western blot studies also showed that 4F increased expression of aconitase
isoforms in MDMs (Table 4 and Figure 5A). ACOL is a cytosolic isoform of aconitase that
plays an important role in regulating cellular iron metabolism [36]. ACO2 is expressed in
mitochondria and regulates cellular ATP production by providing substrates for
mitochondrial respiration [36]. The f-oxidation pathway also provides substrates for the
mitochondrial electron transport chain. In order to determine whether 4F-mediated changes
in FA metabolism resulted in an increase in mitochondrial respiration and oxidative
phosphorylation, we monitored the OCR in control and 4F-treated MDMs (Figure 4). Our
data show that 4F increased basal OCR in MDMs, a response that is consistent with an
increase in FA uptake/oxidation [37]. Furthermore, the 4F-mediated increase in oligomycin-
sensitive OCR (ATP-linked OCR) revealed a stimulatory effect of 4F on mitochondrial ATP
formation [38]. Importantly, the 4F-mediated increase in basal and ATP-linked respiration
was abolished by pre-treatment with the PPAR y antagonist T0O070907, demonstrating that
4F mediates its metabolic changes through PPAR y activation. An increase in the maximum
oxygen consumption induced by the mitochondrial uncoupling agent FCCP was also
observed in 4F-treated MDMSs, suggesting an increase in the overall activity of respiratory
chain proteins or an increase in substrate availability. The increase in maximal respiration in
the PPAR y-antagonist-treated MDMSs (Figure 4D) may be due to increased substrates
provided by glycolysis in the control (P = 0.0002) and 4F-treated (P = 0.003) groups, as
measured by the extracellular acidification rate (results not shown). Electron transfer along
the respiratory chain is associated with proton pumping across the inner mitochondrial
membrane and the establishment of an electrochemical potential (A¥,). Indeed, our data
show that an increase in OCR in 4F-treated MDMSs was associated with an increase in A%,
(Figure 5E). Basal and ATP-linked OCR were significantly attenuated in 4F-treated MDMs
by the CPT1 inhibitor etomoxir (Figure 6). This result underscores the role of enhanced FA
uptake and oxidation in the 4F-mediated increase in mitochondrial respiration.

Our data show further that the increased mitochondrial respiration in 4F-treated MDMs was
associated with up-regulation of several genes that play an important role in mitochondrial
function (Table 4). These included ACADM (acyl-CoA dehydrogenase) and ACOX1
(peroxisomal acyl-CoA oxidase 1), components of the f-oxidation pathway. ACADM and
ACOX1 encode enzymes that degrade medium-chain FAs and catalyse the desaturation of
acyl-CoAs respectively [39,40]. VDAC1 mRNA and protein were also up-regulated (Table
3 and Figure 5B). VDAC is thought to play a major role in integrating components of
mitochondrial function. Among these roles is its ability to interact with CPT1 to deliver FAs
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to the mitochondrion [25]. We also observed an increase in the expression of respiratory
chain subunits, including succinate dehydrogenase (ubiquinone) iron—sulfur subunit
(Complex I1) and cytochrome c oxidase | (Complex V) (Figures 5C-5D). Since data
suggest that M2 macrophage differentiation is associated with mitochondrial biogenesis, we
tested whether mitochondrial DNA copy number was increased in 4F-treated MDMSs [1,12].
Results of these studies did not reveal a difference in DNA copy number between control
and 4F-treated MDMs (Figure 5F).

Previous studies suggest that PPAR y activation plays a role in M2 macrophage
differentiation [3,4,8,12]. Bouhlel et al. [11] showed that PPAR y co-localizes with mannose
receptor and other markers for M2 macrophages in human atherosclerotic lesions. In vitro
studies demonstrated further that 1L-4-mediated alternative macrophage activation was
amplified in human monocytes treated with PPAR y agonists. PPAR y activation enhanced
the anti-inflammatory activity of these macrophages compared with treatment with IL-4
alone [11]. The role of PPARy in alternative macrophage activation is supported further by
the observation that macrophage-specific deletion of PPAR y prevents the maturation of
myeloid cells to an M2 phenotype and reduces the tissue content of these cells [3]. Our flow
cytometry studies similarly show that addition of a PPAR y antagonist to 4F-treated MDMs
significantly reduces expression of CD163 and CD36, cell-surface markers for alternative
M2 macrophages [41] (Figure 2). The PPARy~dependent activation of alternative M2
macrophages is dependent on an increase in FA oxidation and oxidative phosphorylation. In
the present study, we found that addition of the PPAR y antagonist T0O070907 to MDMs
prevented the increase in basal and ATP-linked OCR induced by 4F treatment (Figure 4).
The expression of genes involved in lipid uptake/metabolism (LPL, CD36, ACADM,
ACADL) are reduced in IL-4-treated PPAR y-null macrophages, resulting in a decrease in /-
oxidation [3]. Similar to our observations with 4F treatment, PPAR y activation is associated
with an increase in Complex IV and VDAC expression as well as A%, [3,42].

Vats et al. [1] have characterized signalling pathways associated with M2 differentiation in
IL-4-treated bone-marrow-derived macrophages. Microarray analyses revealed that the
maturation of anti-inflammatory macrophages was associated with the up-regulation of
genes that regulate FA metabolism and mitochondrial biogenesis [1]. Development of an
anti-inflammatory phenotype was dependent on the expression of the PPAR y co-activator
PGC-14and its transcriptional regulator STAT6 (signal transducer and activator of
transcription 6) [1]. The importance of PGC-14in supporting mitochondrial function is
underscored by studies showing that knockout of the co-activator in mice results in a
reduction in mitochondrial volume and impaired cardiac performance [43]. In contrast with
previous studies, our results suggest that the increase in mitochondrial respiration in 4F-
treated MDMs is not associated with the formation of new mitochondria [1,13].
Furthermore, we did not observe an increase in mMRNA expression for PGC-1/in 4F-treated
cells. A possible explanation for this may be related to species differences, since
mitochondrial biogenesis associated with alternative macrophage activation was observed in
murine macrophages [1,13]. The experiments of the present study were performed using
human MDMs which may be in a more terminally differentiated state.
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Mitochondrial dysfunction is associated with a number of pro-inflammatory conditions,
including sepsis and ischaemia/reperfusion injury which are characterized by the uncoupling
of oxidative phosphorylation [44,45]. VDAC activity is also inhibited and is associated with
impaired mitochondrial function and a reduction in AU, [46]. Under these conditions,
increased reactive oxygen species formation induces damage to structural components of
mitochondria as well as DNA [47]. It follows that tissue oxygen utilization is severely
impaired and apoptotic mechanisms are activated [26,48]. 4F has been shown to reduce
macrophage activation in cell culture and animal models [16,17,49,50]. Our previous studies
show that 4F induces the differentiation of human MDMs to an anti-inflammatory
phenotype, a response that was associated with a reduction in cellular cholesterol content
[16,17]. Cholesterol depletion is also a stimulus for up-regulation of PPARy, suggesting a
direct mechanism linking 4F to PPARy expression in MDMs [51]. The subsequent
activation of the transcriptional regulator PPARy results in an increase in FA metabolism
and mitochondrial respiration. The increase in oxidative metabolism may thus allow the
sustained formation of ATP required to support repair processes and wound healing. In this
manner, 4F may play an important role in directing macrophage differentiation and function
via changes in cellular bioenergetics.
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Figure 1. 4F treatment up-regulates the expression of PPARyand CD36 in MDMs
The protein expression for PPARy or CD36 was measured by densitometry in control (black

bar) and 4F-treated (white bar) MDMs. Results are mean + S.E.M. fold changes in protein
expression compared with control treatment (n = 3-6). *P < 0.05 compared with control.
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Figure 2. Inhibition of PPARy prevents the 4F-mediated up-regulation of M2 macrophage
markers

Vehicle or the PPARy antagonist T0070907 (10 uM) was added to 4F-treated MDMs for 24
h before isolation. Cells were stained with antibodies against the M2 macrophage markers
CD163 or CD36 and monitored by flow cytometry. 4F significantly increased expression of
CD163 (A) and CD36 (B) in MDMs in a manner that was inhibited by T0070907.
Representative histograms for each marker are shown for MDMs treated with vehicle (- - -),
4F (—) or 4F followed by addition of T0070907 (...). The shaded histogram represents the
isotype control.
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Figure 3. 4F increases FA uptake and oxidation in MDMs
[C]oleic acid was added to control and 4F-treated MDMs for periods of up to 4 h. Cells

were collected at the indicated time points and lysed, and incorporated radioactive counts
were measured (A). Control and 4F-treated MDMs were incubated with [14C]Joleic acid for 2
h at 37°C. 14CO, liberated by the complete oxidation of oleic acid was trapped on a filter
disc and counted using a scintillation counter (B). In each experiment, radioactive counts
were normalized to cell protein content. Results are means + S.E.M. (n = 3). *P< 0.05

compared with control.
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(A) Representative Seahorse profiles of OCR in control (C) and 4F-treated (4F) MDMs.
Indices of mitochondrial function were measured by sequential addition of oligomycin (O),
FCCP (F) and antimycin A (A), as described in the Experimental section. (B) Basal, (C)
ATP-linked and (D) maximal OCR were also calculated. In some experiments, the PPARy
antagonist T0070907 (T) was added to control and 4F-treated MDMSs 24 h before assay.
Results are means = S.E.M. for five or six replicate wells. *P < 0.05 compared with all other

treatment groups. **P < 0.05 compared with control.
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Figure 5. 4F treatment up-regulates mitochondrial proteins and increases A¥;, in MDMs
(A-D) Protein expression for aconitase 1 and 2 (ACO1/ACO2), VDAC]1, succinate

dehydrogenase (ubiquinone) iron—sulfur subunit (SDHB/Complex I1) and cytochrome ¢
oxidase | (Ccox1/Complex IV) was measured by densitometry in control (black bar) and 4F-
treated (white bar) MDMs. Results are mean £ S.E.M. fold changes in protein expression
compared with control (n = 3). (E) A¥,,, was measured using the fluorescent indicator
TMRM. Control and 4F-treated MDMs (both n = 6) were incubated with TMRM (100 nM)
for 30 min at 37°C. Fluorescence emission was monitored at 573 nm using a plate reader
(RFU, relative fluorescence units). (F) Mitochondrial DNA copy number was determined by
performing a human mitochondrial short PCR. Duplicate samples from control and 4F-
treated MDMs were amplified and resolved on a 10% polyacrylamide gel. Dried gels were
imaged using a Storm scanner, followed by quantification of DNA product bands. Results
are means £ S.E.M. (n = 3). *P < 0.05 compared with control.
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Figure 6. Inhibition of FA uptake attenuates the 4F-mediated increase in mitochondrial oxygen

consumption in MDMs

(A) Representative Seahorse profiles of OCR in control and 4F-treated MDMs. Basal OCR
was measured, followed by addition of 50 UM etomoxir (E), an inhibitor of FA uptake.
Effects of etomoxir on indices of mitochondrial function were then measured by sequential
addition of oligomycin (O), FCCP (F) and antimycin A (A). (B) Basal, (C) ATP-linked and
(D) maximal OCR were also calculated. Results are means + S.E.M. for three to six replicate

wells. *P < 0.05 compared with control.
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Table 1

Gene-specific primers used in gRT-PCR experiments

Gene Forward (5'—3/) Reverse (5'—3)

PPAR GAGAGATCCACGGAGCTGAT AGGCCATTTTGTCAAACGAG
PPARGC1B GAGTCAAAGTCGCTGGCATC AACTATCTCGCTGACACGCA
LPL TGCAGTTCCAAGGAAGCCTTT TTGTTGCAGCGGTTCTTTCTAC
CD36 CTGTCATTGGTGCTGTCCTG TGTACCTTCTTCGAGGACAAC
FABP4 GCGTCATGAAAGGCGTCACT GTCAACGTCCCTTGGCTTATG
FABP5 GCTGATGGCAGAAAAACTCAGA CCTGATGCTGAACCAATGCA
VDAC1 AGGCACCGAGATTACTGTGG GTTAATGTGCTCCCGCTTGT
RPL37A CAGTCTTCTGATGGCGGACT GATCTGGCACTGTGGTTCCT

RPL37A served as a housekeeping gene
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Table 3

Effects of 4F on mRNA expression for selected genes in the microarray

Gene Fold change (4F compared with control)  P-value
PPAR 7.21+155 0.002*
PPARGC1B 1.03+0.27 0.900
LPL 4.13+2.28 0.082
CD36 1.63+0.49 0.129
FABP4 66.9 +32.0 0,023
FABP5 12.9+6.56 0.034*
VDAC1 151+0.27 0.032*

Results are fold changes in gene expression compared with vehicle treatment compiled from four experiments.

*
P < 0.05 compared with control.
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