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Abstract
Objective—We previously demonstrated that NADPH oxidase 4 (Nox4) mediates increased
monocyte priming and chemotaxis under conditions of diabetic metabolic stress (DMS), and
emerging data indicate that Group VIA Phospholipase A2 (iPLA2β) also participates in regulating
monocyte chemotaxis. Here we examined relationships between iPLA2β expression and Nox4
action in mouse peritoneal macrophages subjected to DMS.

Approach and Results—Increased iPLA2β expression and activity were observed in
macrophages from low density lipoprotein receptor knockout (LDLR−/−) mice that were fed a high
fat diet (HFD), and this was associated with time-dependent increases in atherosclerotic lesion size
and macrophage content. Incubating macrophages with 30 mM D-glucose (HG), 100 μg/ml LDL,
or both (HG+LDL) induced a robust increase in iPLA2β expression and activity and in cell
migration in response to monocyte chemoattractant protein-1 (MCP-1). The increases in iPLA2β
activity and cell migration were prevented by a bromoenol lactone (BEL) iPLA2β suicide inhibitor
or an iPLA2β antisense oligonucleotide. Incubating macrophages under conditions that mimic
DMS ex vivo resulted in increased Nox4 expression and activity and H2O2 generation compared to
controls. BEL prevented those effects without affecting Nox2 expression. Nox4 inhibition
eliminated DMS-induced acceleration of macrophage migration. Lysophosphatidic acid (LPA)
restored Nox4 expression, H2O2 generation, and migration to BEL-treated cells, and an LPA
receptor antagonist abrogated iPLA2β-mediated increases in Nox4 expression.

Conclusions—Taken together, these observations identify iPLA2β and LPA derived from its
action as critical in regulating macrophage Nox4 activity and migration in the diabetic state in vivo
and under similar conditions ex vivo.
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INTRODUCTION
Diabetes mellitus is associated with an increased risk of cardiovascular disease,1 and
individuals with diabetes have an absolute risk of major coronary events similar to that of
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those without diabetes who have established coronary artery disease.2 In the evolution of
type 2 diabetes, insulin resistance eventuates in beta cell failure that results in conditions that
we have designated “diabetic metabolic stress” (DMS) characterized by hyperglycemia,
hyperlipidemia, and hyperinsulinemia. Although molecular mechanisms that link diabetes to
atherosclerosis and coronary artery disease are incompletely understood, enhanced
recruitment of macrophages into inflamed vascular sites, such as coronary arteries, occurs in
DM, and increased cellular oxidative stress contributes to this phenomenon.3–6

Reactive oxygen species (ROS) can be generated by mitochondrial metabolism or as
byproducts of oxygenases such as cytochrome P450 monooxygenases, arachidonate
dioxygenases, and the uncoupling of nitric oxide synthases, inter alia. In addition, NADPH
oxidases (Nox) are now recognized to be enzymes that produce ROS as a primary product
rather than as a byproduct,7 and seven human and animal Nox variants are now recognized.
These include Nox1 - 5, Duox1, and Duox2, and they share the ability to transport electrons
across the plasma membrane and to generate O2

•−, which is then dismutated to yield
hydrogen peroxide (H2O2). The Nox2 isoform was originally designated phagocytic Nox
gp91phox and was believed to be the predominant ROS producer in phagocytes, and its role
in the respiratory bust of neutrophils and macrophages has been studied extensively,8, 9

We recently demonstrated that Nox4 is also a major inducible source of ROS in human and
mouse macrophages but that Nox isoforms other than Nox2 and Nox4 are barely detectable
in these cells.10 Our most recent data demonstrated that Nox4, but not Nox2, contributes to
increases in monocyte chemotaxis and macrophage recruitment under conditions of DMS in
vivo and similar conditions ex vivo,11 but little is known about upstream regulatory
machinery that governs Nox4 expression. The Group VIA Phospholipase A2 (iPLA2β) is a
member of a superfamily of PLA2 enzymes that hydrolyze the sn-2 ester bond of
phospholipids to release a fatty acid (e.g., arachidonic acid) and a 2-lysophospholipid (e.g.,
2-lysophosphatidylcholine, LPC, or 2-lysophosphatidic acid, LPA).12 Metabolites of
arachidonic acid (eicosanoids, e.g. prostaglandins and leukotrienes) and of
lysophospholipids (e.g., platelet-activating factor and endocannabinoids) serve as important
inflammatory mediators 13, and both arachidonic acid and lysophospholipids, including
LPA, also have intrinsic mediator functions.14, 15

iPLA2β has been reported to be an important participant in macrophage chemotactic
responses to chemoattractants, including Monocyte Chemattractant Protein-1 (MCP-1).16

We demonstrated previously that transgenic mice that overexpress iPLA2β specifically in
vascular smooth muscle cells develop exaggerated neointima formation in a carotid artery
ligation model of vascular injury and atherogenesis and that the resultant lesions exhibit
increased content of macrophages and inflammatory cytokines compared to those of control
mice.17 In addition, emerging data reveal increased iPLA2β expression in the tissues of
humans and animals with diabetes,18–20 but the mechanism underlying this phenomenon or
whether it involves Nox4 has not previously been examined to our knowledge. To address
this issue, we fed a Western high fat diet (HFD) to mice rendered deficient in the low
density lipoprotein receptor (LDLR−/−) by homologous recombination and compared them
to mice fed a standard chow maintenance diet. We also studied isolated mouse peritoneal
macrophages ex vivo that were incubated in medium containing a high glucose (HG)
concentration, added low density lipoprotein (LDL), or both in experiments that examined:
1) iPLA2β expression and activity under conditions that mimic DMS; 2) any relationship
between expression and activity of iPLA2β and Nox4; and 3) effects of the potential iPLA2β
products arachidonic acid and lysophosphatidic acid on Nox4 expression and activity.
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MATERIALS AND METHODS
The Materials and Methods sections are available in the online-only Data Supplement.

RESULTS
Increased iPLA2β expression and activity in macrophages from mice subjected to
metabolic stress

We fed LDLR−/− mice a Western high fat diet (HFD) for 8, 16, or 24 weeks to induce
metabolic stress characterized by hyperglycemia and hyperlipidemia. Age-matched mice fed
a standard chow maintenance diet served as controls. As summarized in Table, consumption
of the HFD resulted in a time-dependent increase in body weight, white fat pad mass, and
concentrations of blood glucose, plasma total cholesterol, plasma triglycerides, and plasma
insulin. Atherosclerotic lesion area and macrophage content also increased in a time-
dependent manner in the HFD-fed mice (Table). Figure 1 illustrates that peritoneal
macrophages from HFD-fed mice exhibited a time-dependent increase in iPLA2β
immunoreactive protein (Panel A) and iPLA2β enzymatic activity (Panel B). In addition, the
HFD-fed mice exhibited a time-dependent increase in aortic sinus atherosclerotic lesion area
and macrophage content, and both parameters exhibited positive linear correlations with
peritoneal macrophage iPLA2β specific enzymatic activity (Panels C and D). Similar
correlations were observed between iPLA2β specific activity and atherosclerotic lesion in
aortic arch (data not shown). These findings suggest that increased iPLA2β expression in
macrophages of mice with diabetes may promote their migration into the sub-endothelial
space of inflamed arteries to accelerate atherogenesis.

Metabolic stress enhances expression and activity of iPLA2β in macrophages ex vivo
To determine whether the changes in macrophage iPLA2β expression that occurred in vivo
in mice with diet-induced diabetes could be mimicked by exposure of macrophages to high
concentrations of glucose and lipids ex vivo, peritoneal macrophages were isolated from
C57BL/6J mice and cultured (24 hr) in medium containing normal level glucose (5.5 mM),
HG (30 mM), LDL (100 μg/ml), or both (HG+LDL). The non-metabolized L-glucose (LG)
enantiomer was used as an osmotic control. As illustrated in Figure 2, incubation of
macrophages with HG induced a ten-fold rise in content of immunoreactive iPLA2β protein
(Panel A) and an eight-fold rise in iPLA2β specific enzymatic activity that was sensitive to
inhibition by BEL and suppressed by an iPLA2β antisense oligonucleotide (Panel B). The
increased expression of iPLA2β occurred as early as 6 hr after initiating exposure to HG and
persisted at the same level for at least 48 hr (Panel A). Addition of LDL to the incubation
medium also induced a rise in macrophage iPLA2β specific enzymatic activity that was
similar in magnitude to that produced by HG, and the combination of HG and LDL in the
incubation medium induced an additive rise in iPLA2β. Thus, exposure ex vivo to incubation
medium containing high concentrations of glucose and lipoprotein induces a rise in
macrophage iPLA2β expression and activity that is similar to that which occurs in vivo in the
setting of hyperglycemia and hyperlipidemia that characterize diabetes. Notably,
macrophage cell death was not observed upon incubation in medium with HG and
bromoenol lactone (BEL) (25 μM) under the conditions of these experiments (Figure 2D).

Metabolic stress-induced enhancement of macrophage migration in response to Monocyte
Chemoattractant Protein-1 (MCP-1) requires participation of iPLA2β

To determine whether iPLA2β participates in the acceleration of the macrophage migratory
response that occurs under conditions of diabetic metabolic stress, the migration of isolated
mouse peritoneal macrophages was measured in a Boyden chamber chemotaxis assay after
24 hr of incubation under various test conditions. Macrophages exposed to medium
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containing HG exhibited about a 3-fold increase in migration in response to MCP-1
compared to control macrophages incubated in medium with normal glucose concentration
(Figure 3). Macrophages incubated in normal glucose medium supplemented with LDL
exhibited migratory responses to MCP-1 similar to those of macrophages incubated with HG
alone (Figure 3A). Incubation in HG medium supplemented with LDL resulted in
macrophage migratory responses to MCP-1 that were additive (six-fold over control)
compared to those that resulted from incubation with either HG or LDL alone (Figure 3A).
Either pharmacologic inhibition of iPLA2β activity with BEL or suppression of iPLA2β
expression with antisense oligonucleotides prevented the effects of supplementing the
incubation medium with HG, LDL, or both to stimulate macrophage migratory responses to
MCP-1, although a sense oligonucleotide had no effect (Figure 3A). Restoration of iPLA2β
expression to BEL-treated macrophages with adenoviral vectors reversed the inhibition of
MCP-1-induced migration of macrophages that had been incubated in medium
supplemented with both HG and LDL (Figure 3B). Moreover, peritoneal macrophages
isolated from iPLA2β-knockout (KO) mice prepared by homologous recombination
exhibited a much diminished enhancement of MCP-1-induced migration after incubation in
medium supplemented with both HG and LDL compared to wild type macrophages (Figure
3C). These observations demonstrate that the enhanced MCP-1-induced migration that
occurs with macrophages incubated with high concentrations of glucose and LDL requires
the participation of iPLA2β.

Nox4 expression and activity increase in macrophages incubated under conditions of
metabolic stress, and this requires the participation of iPLA2β

Accumulating evidence suggests that increased cellular ROS generation occurs in diabetes,
and we have previously demonstrated that increased Nox4 activity and the resultant ROS
generation contribute to the enhancement of macrophage migration and accumulation at
inflammatory sites that occur under conditions of metabolic stress.11 To determine whether
iPLA2β participates in these processes, ROS production in DCFH-DA-loaded macrophages
was measured by monitoring DCF fluorescence by FACS and was found to rise markedly in
macrophages incubated in medium supplemented with HG and LDL compared to control
macrophages incubated in normal glucose medium (Figure 4A). Moreover, this response
was suppressed by the iPLA2β BEL, which also inhibited basal ROS production. We found
that intracellular H2O2 levels were six-fold higher in macrophages incubated in medium
supplemented with HG and LDL compared to macrophages incubated in normal glucose
medium, and that both basal and (HG + LDL)-stimulated H2O2 levels were greatly reduced
in BEL-treated macrophages (Figure 4B). Similar results were obtained when H2O2 was
measured by an Amplex Red assay (Online Figure V). Consistent with reports that Nox4 is
the predominant source of macrophage H2O2 generation,21–23 we found that incubation in
medium supplemented with HG and LDL resulted in a rise in immunoreactive Nox4 and
iPLA2β protein levels, and we also found that BEL blocked the rise in Nox4 protein but did
not affect the rise in iPLA2β protein (Figure 4C). The RT-PCR analyses revealed that Nox4
mRNA levels rose in parallel with Nox4 immunoreactive protein in macrophages incubated
in medium supplemented with HG and LDL, as illustrated in Online Figure III, and Nox4
enzymatic activity also rose under these conditions (Figure 4D). The latter effect was
blocked by BEL but restored to BEL-pretreated macrophages by infection with an
adenoviral vector that drives expression of iPLA2β (Figure 4D). Because cytosolic SOD
could affect measurements of Nox activity in whole cell homogenates, Nox activity was also
measured in isolated total membrane fractions by the lucigenin method, and the results of
these experiments were concordant with those from whole cell homogenates, as illustrated in
Online Figure VI. These observations suggest that increased Nox4 expression and the
resultant ROS production in macrophages incubated in medium supplemented with HG and
LDL requires signals derived from iPLA2β. Consistent with this interpretation, we found
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that adenoviral vector-driven overexpression of iPLA2β in macrophages results in increased
expression of Nox4 protein (Figure 4E). Incubation of macrophages in medium
supplemented with HG and LDL also resulted in increased expression of Nox2 but not Nox1
protein, but BEL did not affect the Nox2 response (Figure 4F). Moreover, adenoviral vector-
driven overexpression of iPLA2β did not affect macrophage Nox2 expression levels (Figure
4G). We also observed Nox activity in macrophages isolated from Nox2 knockout mice.
Upon incubation in medium supplemented with HG and LDL, total Nox activity in Nox2
deficient macrophages was lower than that in wild type macrophages incubated under the
same conditions, but this effect did not achieve statistical significance. In contrast, total Nox
activity was reduced by over 70% by adding either the Nox4 inhibitor GKT13783 or Nox4
siRNA (Online Figure IV). These observations indicate that the increased ROS production
observed in macrophages incubated in medium supplemented with HG and LDL is
predominantly attributable to increased expression of Nox4 protein rather than to another
Nox isozyme and that signals derived from the increased expression of iPLA2β under these
conditions are required for the effects on macrophage Nox4 expression and ROS production.

Nox4 activity regulates macrophage migratory responses to MCP-1
We recently reported that Nox4 is the major source of ROS in macrophages and that Nox4-
derived H2O2 participates regulating macrophage migration and in the signaling events that
lead to monocyte dysfunction and a hyperchemotactic, proatherogenic macrophage
phenotype.10, 11 Here we used the pharmacologic agent GKT137831, which is a potent
inhibitor of Nox4 and Nox1 activity, and Nox4 siRNA to examine Nox4 involvement in the
macrophage migratory response to MCP-1 (Figure 5). We found that GKT137831 greatly
attenuated (by 75%) the enhancement in MCP-1-induced migration that occurred with
macrophages that had been incubated in medium supplemented with HG and LDL, that the
migratory response was restored by adenoviral vector-driven overexpression of Nox4, and
that Nox4 siRNA also suppressed the enhancement of migration with macrophages
incubated with HG and LDL (Figure 5A). These findings indicate that Nox4 is a critical
component of the machinery that produces enhanced MCP-1-induced migration of
macrophages subjected to metabolic stress. To examine further the effect of Nox4-derived
H2O2 on cell migration, we performed experiments in the presence of PEG-catalase and
PEG-superoxide dismutase (SOD) and measured H2O2 production with an Amplex Red
Assay. PEG-catalase pretreatment was found to suppress the enhancement of MCP-1-
induced macrophage migration otherwise observed in macrophages that had been incubated
in medium supplemented with HG and LDL, and this was associated with a reduction in
measured H2O2 levels. This is consistent with catalase-catalyzed decomposition of H2O2
and with the hypothesis that H2O2 is involved in producing the enhanced migratory
response. No similar effect of PEG-SOD was observed on cell migration and H2O2
production, which suggests that endogenous SOD activity is sufficient to support maximal
H2O2 production so that no additional effect of exogenous SOD is observed (Figure 5B and
5C).

Lysophosphatidic acid (LPA) derived from iPLA2β action is required for the increased
Nox4 expression and ROS production that occurs in macrophages subjected to metabolic
stress

We next examined the possibility that products of iPLA2β action are responsible for the
increased Nox4 expression and ROS production by macrophages subjected to metabolic
stress. Such products include a free fatty acid, e.g., arachidonic acid, and a 2-
lysophospholipid, e.g. 2-lysophosphatidylcholine (LPC) generated from phosphatidylcholine
or 2-lysophosphatidic acid (LPA) generated directly from phosphatidic acid or indirectly by
the action of autotaxin on LPC.24 Generation of LPA and LPC is known to be severely
impaired in some circumstances in iPLA2β-knockout mice.25 In addition, arachidonic acid
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can be further metabolized to biologically active eicosanoids via lipoxygenases (LO),
cyclooxygenases (COX), and cytochrome P450-dependent monooxygenases (CYP) that
produce a variety of mediators that affect inflammation.26 Incubation of isolated mouse
peritoneal macrophages in medium supplemented with arachidonic acid without or with
inhibitors of COX (indomethacin), LO (nordihydoguaiaretic acid) or CYP (17-octadecynoic
acid) under conditions described in Experimental Procedures did not affect macrophage
Nox4 expression or activity or MCP-1-induced migration (not shown). In contrast,
adenoviral vector-driven overexpression of iPLA2β or incubation of macrophages in
medium supplemented with HG and LDL resulted in a several-fold increase in LPA
production, and the response to both conditions together was additive (Figure 6A).
Moreover, BEL prevented a rise in LPA production in response to either or both conditions
(Figure 6A). That this increased LPA production has functional significance was suggested
by the fact that the LPA receptor antagonist VPC32183 prevented the increase in
macrophage Nox4 expression (Figure 6B), H2O2 production (Figure 6C), and MCP-1-
induced migration (Figure 6D) that otherwise occurred after incubation in medium
supplemented with HG and LDL. Moreover, exogenous LPA reversed the BEL-induced
suppression of the rises in Nox4 expression (Figure 7A), H2O2 production (Figure 7B), and
MCP-1-induced migration (Figure 7C) that occurred with macrophages incubated in
medium supplemented with HG and LDL. To complement the findings with the LPA
receptor antagonist, we examined effects of reducing LPA receptor expression with siRNAs
directed at LPA1 and LPA3 receptors. Knockdown of LPA1 and LPA3 was found to
attenuate metabolic stress-induced increases in Nox4 expression, ROS production, and cell
migration, and these findings are concordant with those obtained with the LPA receptor
antagonist VPC32183 (Online Figure I). These findings indicate that LPA derived from the
action of iPLA2β participates in the increased expression of Nox4, production of ROS, and
enhanced MCP-1-induced migration that occur in macrophages subjected to metabolic stress
ex vivo.

LPA derived from iPLA2β action could arise from direct action on phosphatidic acid or
indirectly via initial action on phosphatidylcholine to produce lysophosphatidylcholine,
followed by conversion of lysophosphatidylcholine to LPA by the action of a phospholipase
D (PLD). To examine these possibilities further, we measured PLD activity and performed
immunoblotting experiments to determine the phosphorylation state of PLD1 and PLD2 in
macrophages incubated under control conditions or in medium supplemented with HG and
LDL. Neither an increase in PLD activity nor an increase in phosphorylation of PLD1 or
PLD2 was observed in these experiments (data not shown). These observations are
consistent with a direct action of iPLA2β on PA to produce LPA but do not definitively
exclude a contribution of PLD. To address whether inhibition of PLD would block the
production and effects of LPA, we measured LPA production and Nox activity in metabolic
stress-challenged macrophages in the presence of PLD1 and PLD2 inhibitors. The results of
these experiments are illustrated in Online Figure VII and demonstrated that the PLD2
inhibitor, but not the PLD1 inhibitor, resulted in slight suppression of LPA production and
Nox activity, but these effects did achieve statistical significance relative to control cell
incubations without inhibitors. These data suggest that PLD activity is not required for the
effects or production of the LPA that arises as a consequence of iPLA2β action..

Nox4 activity might be increased by promoting phosphorylation of its binding partner
p22phox, and we therefore conducted immunoblotting experiments to examine the
phosphorylation state of p22phox under the conditions of our experiments. Knockdown of
LPA receptors (LPARs) with siRNA was observed to reduce phosphorylation of p22phox,
as illustrated in Online Figure II. This suggests that the LPA/LPAR signaling axis may act to
increase p22phox phosphorylation, which could represent one means by which Nox4
activation is achieved.
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DISCUSSION
We have demonstrated previously that Nox4 is a major source of ROS in macrophages and
participates in the monocyte priming and enhanced macrophage chemotaxis that occur in
diabetes mellitus,10, 11 but the processes that regulate Nox4 expression and activity had not
been determined. Here we demonstrate that expression of the enzyme iPLA2β increases
markedly in macrophages subjected to metabolic stress in vivo in mice with diabetes or ex
vivo by incubation in medium supplemented with HG and LDL and that this results in
increased production of LPA via iPLA2β action. LPA then triggers a signaling cascade that
leads to increased Nox4 expression and activity, increased ROS production, and enhanced
MCP-1-induced macrophage migration under conditions of diabetic metabolic stress (DMS).

Of 7 recognized Nox isoenzymes, Nox2 and Nox4 are the predominant ROS producers in
macrophages.10 Nox activity in phagocytic cells is known to be regulated phosphorylation/
dephosphorylation reactions.27, 28 Phosphorylation of the p47phox subunit stimulates
interaction with p67phox, and the resultant complex associates with Nox2 in the plasma
membrane to assemble the active form of the oxidase. It has been reported that p41 (NoxO1)
and p51 (NoxA1), which are homologues of p47phox and p67phox, respectively, are required
for Nox activation in nonphagocytic cells.29, 30 In contrast, Nox4 is constitutively active and
is primarily regulated at the transcriptional level, although recent evidence suggests that
post-translational regulation also occurs.31, 32 Although Nox2 localizes primarily in the
plasma membrane, Nox4 is distributed in intracellular membranous loci that include
mitochondria, endoplasmic reticulum, and nuclear membranes.33–35 There is little
information about how Nox4 expression and activity are regulated under physiologic or
pathologic conditions, although a recent report indicates that Poldip2 associates with
p22phox to activate Nox4, which regulates focal adhesion turnover and migration of vascular
smooth muscle cell and thereby links ROS production and cytoskeletal remodeling.36 Our
studies here are the first of which we are aware to demonstrate relationships among
macrophage iPLA2β activity, its product LPA, expression of Nox4, ROS production, and
migratory responses to MCP-1.

Formerly, Nox2 was thought to be the predominant source of macrophage ROS, and its roles
in the respiratory bust of phagocytes have been extensively examined.8, 9 Nonetheless,
participation of Nox2 in macrophage migration and accumulation at inflammatory sites in
diabetes and atherosclerosis had not been demonstrated, although a recent report indicates
that Nox2 participates in the migration of bone marrow derived macrophages toward a
gradient of increasing colony-stinulating factor-1 concentrations.37 Despite this, transfer of
Nox2-deficient bone marrow cells into apoE−/− mice had no significant effect atherosclerotic
lesion area at 24 weeks even though Nox2-deficient macrophage exhibited a profound
reduction in basal and PMA-induced superoxide production.38 This suggests that Nox2 is
not essential for monocyte recruitment to sites of vascular inflammation in vivo. We have
previously demonstrated that knockdown of Nox4 protected monocytes from metabolic
priming, although Nox2 expression was unaffected, and this also argues against a significant
role for Nox2 in metabolic stress-induced monocyte dysfunction.10, 11 Here, we demonstrate
that incubation of macrophages in medium supplemented with HG and LDL does result in
increased Nox2 expression, but neither iPLA2β inhibition with BEL or adenoviral vector-
driven overexpression of iPLA2β affected Nox2 expression, although those interventions
had profound effects on macrophage Nox4 expression, ROS production, and MCP-1-
induced migration. Together, these observations indicate Nox4 expression is regulated by
iPLA2β activity and that Nox4-derived ROS play an essential role in accelerated migration
of macrophages subjected to diabetic metabolic stress but that Nox2 does not play a similar
role in these processes.
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The profile ROS derived from Nox4-transfected is characterized by a greater proportion of
H2O2 relative to O2

•− than is the case for Nox1, 2, or 3 or for Nox5.39–41 The mechanism
underlying the preferential production of H2O2 vs O2

•− by Nox4 is proposed to be a highly
conserved histidine residue in the E-loop that promotes the rapid dismutation of O2

•− before
it is released from the enzyme.23 Here we demonstrate that increased iPLA2β expression in
macrophages incubated with high concentrations of glucose and LDL results in production
of ROS with a prominent H2O2 component and that LPA derived from iPLA2β action
participates in upregulating macrophage Nox4 expression.

Oxidation of cellular proteins via regulated redox systems is among the post-translational
modifications that can modulate enzyme action in physiological and pathological conditions,
and ionizable cysteine thiol groups react readily with H2O2.42 For example, reversible S-
glutathionylation of actin at Cys374 promotes actin depolymerization,43 and prevention of
this modification by site-directed mutagenesis of Cys374 to alanine inhibits cell spreading.44

Nox4 co-localizes with α-actin in smooth muscle cells and is found in actin-rich
invadopodia of cancer cells, suggesting that Nox enzymes might be involved in the S-
glutathionylation and redox regulation of actin. Continual treadmilling of F-actin filaments
via polymerization-depolymerization is the process that underlies formation of retractable
pseudopods in mobile macrophages. We have reported previously that Nox4 is recruited to
and colocalizes with F-actin filaments in macrophages subjected to diabetic metabolic stress
or in which Nox4 overexpression is driven by an adenoviral vector and that this results in
increased actin S-glutathionylation and accelerated F-actin turnover.11 Moreover, in
preliminary experiments (not shown) we have observed that Nox4 activation affects F-actin
assembly by promoting S-glutathionylation and consequent dephosphorylation of cofilin,
which is an important actin depolymerizing factor (ADF). These observations suggest that
Nox4-derived ROS may regulate S-glutathionylation of actin and/or of other redox regulated
proteins, e.g. cofilin. Other signaling complexes essential for macrophage migration might
be similarly affected, although the molecular mechanisms by which Nox4 translocates to
various intracellular loci and by which Nox4-derived H2O2 selectivity modifies target
proteins remain the subjects of ongoing investigation and are incompletely understood at
present.

We searched for but failed to find complexes of iPLA2β and Nox4 in immunoprecipitation
and immunoblotting experiments (data not shown), which argues against the possibility that
iPLA2β regulates Nox4 activity via a physical interaction. This suggests that an iPLA2β
reaction product might produce the downstream effects that result from increased iPLA2β
expression. One such product is a free fatty acid, such as arachidonic acid. This
polyunsaturated fatty acid is distributed primarily in the sn-2 position of phospholipids,
which is the site of action of iPLA2β. Arachidonic acid has essential mediator functions that
regulate the activities of signaling enzymes, such as phospholipase C and protein kinase C
isoforms (PLC-γ, PLC-δ, and PKC-α, - β, and γ). In addition, arachidonic acid is a key
inflammatory intermediate in metabolic cascades that result in production of prostaglandins,
thromboxane, leukotrienes, epoxyeicosatetraenoic acids, and a variety of other eicosanoids
with signaling functions.26 We have previously demonstrated that transgenic overexpression
of iPLA2β in vascular smooth muscle cells promotes production of inflammatory cytokines,
macrophages infiltration, and proliferation of vascular smooth muscle cells in response to
arterial injuries and that these responses are dependent on production of AA metabolites.
Here we failed to observe any effects of adding exogenous arachidonic acid without or with
various inhibitors of arachidonic acid oxygenases on macrophage Nox4 expression, which
argues against the possibility that arachidonic acid or its metabolites represent the product(s)
of iPLA2β action that regulate macrophage Nox4 expression and downstream events.
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In addition to free fatty acids, such as arachidonic acid, another product of iPLA2β action is
a 2-lysophospholipid, such as LPA, and LPA production is greatly reduced in iPLA2β-
knockout mice in some circumstances.25 LPA has diverse biological actions that affect Ca2+

mobilization, cAMP accumulation, phospholipase D activity,45 changes in cell shape, cell
motility, actin rearrangement, and proliferation in various cells.46, 47 Extracellular LPA has
also been implicated in the pathogenesis of atherosclerosis and cancer.48, 49 LPA can be
generated in two potential pathways that involve iPLA2β, including direct hydrolysis of
phosphatidic acid to yield LPA or via an indirect route that involves initial action on
phosphatidylcholine to yield lysophosphatidylcholine followed by the action of the
phospholipase D autotaxin to yield LPA (57). Here we have demonstrated that LPA derived
from iPLA2β action is required for increased Nox4 expression, H2O2 generation, and
MCP-1-induced migration that occurs in macrophages subjected to diabetic metabolic stress.
Our data suggest that LPA derived from the action of iPLA2β acts through LPA receptors to
increase Nox4 activity and that the mechanism of this effect may involve phosphorylation of
p22phox, which is a critical component of superoxide-generating NADH/NADPH oxidase.

In summary, this study identifies iPLA2β as a regulator of macrophage Nox4 expression and
activity by the pathway depicted in Figure 8. Subjecting macrophages to metabolic stress in
the diabetic state in vivo or by incubation ex vivo in medium supplemented with high
concentrations of glucose and LDL results in increased expression of iPLA2β, and LPA
derived from its action causes increased macrophage expression of Nox4 and production
H2O2 that leads to enhanced migration of macrophages into sites of vascular inflammation
in vivo and in response to stimulation with MCP-1 ex vivo. Inhibition of iPLA2β with BEL,
blockade of LPA receptors with VPC32183, or inhibition of Nox4 with GKT137831
interrupts this cascade and the downstream events of increased macrophage H2O2
production and enhanced migration. These findings suggest that iPLA2β may be the long-
sought link between diabetes and accelerated atherosclerosis (and perhaps other
complications of diabetes) that results from increased inflammation and that iPLA2β might
thus be a suitable target for therapeutically beneficial interventions on these processes. A
combinatorial approach directed at inhibiting iPLA2β, blocking LPA receptors, and
inhibiting Nox4 might be particularly useful in that regard.
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SIGNIFICANCE

Diabetes is associated with increased inflammation and macrophage infiltration into
inflamed tissues. We previously demonstrated that NADPH oxidase 4 (Nox4) is a major
source of macrophage reactive oxygen species and participates in enhanced macrophage
chemotaxis in diabetes, but how Nox4 is regulated is incompletely understood. Here we
have identified lysophosphatidic acid (LPA) derived from the action of Group VIA
Phospholipase A2 (iPLA2β) as a critical macrophage Nox4 regulator. Our findings
suggest that iPLA2β may represent a long-sought link between diabetes and accelerated
atherosclerosis that results from increased inflammation and that iPLA2β might thus be a
suitable target for therapeutically beneficial interventions in these processes. A
combinatorial approach directed at inhibiting iPLA2β, blocking LPA receptors, and
inhibiting Nox4 might be particularly useful in that regard.
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Figure 1. Expression and activity of iPLA2β increase in peritoneal macrophages from High Fat
Diet (HFD)-fed mice compared to controls fed a standard chow maintenance diet (MD) and
correlate positively with atherosclerotic lesion area and macrophage content
iPLA2β immunoreactive protein expression and specific enzymatic activity were determined
for peritoneal macrophages isolated from LDLR−/− mice fed a HFD for the indicated
intervals. A, Western blotting quantification of iPLA2β immunoreactive protein. An asterisk
(*) denotes a p value < 0.01 for the difference between the indicated condition compared to
MD-fed control mice (AIN-93G, F3156, BioServ) that are represented by the group
designated HFD 0 wk. A hashtag symbol (#) denotes a p value < 0.05 for the difference
between the indicated condition compared to the remaining groups (n = 9). B, iPLA2β
specific enzymatic activity. An asterisk (*) denotes a p value < 0.01 for the difference
between the indicated condition compared to control mice, as in Panel A, and a hashtag
symbol (#) denotes a p value < 0.05 for the difference between the indicated condition
compared to mice fed HFD for 16 or 24 weeks (n = 9). C, Regression plot of the relationship
between peritoneal macrophage iPLA2β specific enzymatic activity and aortic sinus
atherosclerotic lesion macrophage content reflected by CD-68 positive staining area (R2 =
0.938, P < 0.001). Grey, white and dark triangles indicate mice fed a HFD for 0, 8, or 16
weeks, respectively. D, Regression plot of the relationship between peritoneal macrophage
iPLA2β specific enzymatic activity and total aortic sinus atherosclerotic lesion area (R2 =
0.903, p < 0.001). Grey, white, and dark circles indicate mice fed a HFD for 0, 8, or 16
weeks, respectively.
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Figure 2. Expression and activity of iPLA2β increase in peritoneal macrophages from cultured in
the presence of high concentrations of D-glucose or lipoproteins
iPLA2β immunoreactive protein expression and specific enzymatic activity were determined
as in Figure 1 for mouse peritoneal macrophages cultured in medium supplemented with 5
mM D-glucose (“NG”) or 30 mM D-glucose (“HG”) without or with 100 μg/mL LDL
(“LDL”) for the indicated intervals. The enantionmer L-glucose (“LG”) is not metabolized
by mammalian cells and was used as an osmotic control at final concentration of 30 mM. A,
Quantitative immunoblotting of expression of iPLA2β protein by macrophages cultured
under conditions described above. An asterisk (*) denotes a p value < 0.01 for the difference
between the indicated condition compared to NG (n = 3). B, iPLA2β specific enzymatic
activity in macrophages cultured with NG or HG and assayed without or with the iPLA2β
inhibitor BEL (25 μM) or an iPLA2β antisense (AS) or sense (S) oligonucleotide. An
asterisk (*) denotes a p value < 0.01 for the difference between the indicated condition
compared to NG or HG (n = 3). C, iPLA2β specific enzymatic activity in macrophages
cultured with HG and without or with LDL and assayed without or with BEL. An asterisk
(*) denotes a p value < 0.01 for the difference between the indicated condition vs. HG or
LDL (n = 3). D, A time course of cell viability of peritoneal macrophages, as assessed by
trypan blue exclusion, upon incubation in medium supplemented with 30 mM D-glucose
(HG) plus LDL (100 μg/mL) without or with BEL (25 μM). No cell death was detectable
within 48 hr of incubation under these conditions, and viability exceeded 90% at 72 hr
without a significant difference between groups. (n = 3).
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Figure 3. Culture of peritoneal macrophages ex vivo in medium supplemented with high
concentrations of glucose or lipoproteins results in an enhanced migratory response to MCP-1 in
which iPLA2β participates
Mouse peritoneal macrophages were incubated (24 hr) in medium supplemented with 5 mM
D-glucose (Control) or 30 mM D- glucose (HG) without or with 100 μg/mL LDL (LDL).
The HG + LDL condition is designated “MS” for “metabolic stress.” Macrophage migratory
responses to MCP-1 were then assayed in a Boyden chamber in the absence or presence of
BEL and/or iPLA2β antisense (AS) or sense (S) oligonucleotides. A, Culture with HG and/or
LDL increases macrophage migration, and this is suppressed by BEL or AS. An asterisk (*)
denotes a p value < 0.01 vs. the Control condition. A hashtag symbol (#) denotes no
statistically significant difference between the indicated condition and the HG+LDL+S
condition. B, Adnenoviral vector driven overexpression of iPLA2β (AdiPLA2) restores an
enhanced migratory response to MCP-1 to BEL-treated macrophages. An asterisk (*)
denotes either a p value < 0.01 for the indicated condition compared to the other BEL-
treated groups or a lack of a statistically significant difference compared to the MS
condition. C, MCP-1 induced migration of peritoneal macrophages isolated from wild type
(WT) or iPLA2β-knockout (KO) mice after incubation in NG or MS medium. An asterisk
(*) denotes a p value < 0.01 compared to WT, and a hashtag symbol (#) denotes a p value <
0.01 vs. WT+MS (n = 3).
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Figure 4. Culture of mouse peritoneal macrophages ex vivo with high concentrations of glucose
and/or lipoproteins induces an increase in production of ROS and H2O2 and in Nox4 expression
and activity, and these effects require the participation of iPLA2β
A, Macrphage ROS production. Isolated mouse peritoneal macrophages were incubated (24
hr) in medium containing 5 mM D-glucose (Control) or 30 mM D-glucose and 100 μg/ml
LDL (MS) in the presence of absence of BEL, then loaded with DCFH-DA (10 μM, 30
min), and intracellular ROS production reflected by DCF fluorescence was determined by
FACS. An asterisk (*) denotes a p value < 0.01 for the difference between the indicated
condition compared to the other groups, and a hashtag symbol (#) denotes a p value < 0.01
compared to the blank control. B, Intracellular H2O2 production was measured with an
Abnova Hydrogen Peroxide Assay kit (Catalog no. KA0801). An asterisk (*) denotes a p
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value < 0.01 for the difference between the indicated condition compared to the other
groups, and a hashtag symbol (#) denotes a p value < 0.01 vs. the blank control. C,
Immunoblots of Nox4, iPLA2β, and actin in macrophages incubated under control or MS
conditions without or with BEL. D, Nox enzymatic activity assays for macrophages
incubated under control or MS conditions without or with BEL and effect of adenoviral
vector-driven iPLA2β overexpression (AdiPLA2β) to restore increased Nox4 activity to
BEL-pretreated cells. An asterisk (*) denotes a p value < 0.01 vs. the control or MS+BEL
conditions, and a hashtag symbol (#) denotes a p value < 0.01 vs. the blank control. E,
Immunoblot of Nox4 and iPLA2β in macrophages infected with AdiPLA2β or uninfected
control macrophages. F, Immunoblots of Nox1, Nox2 and Nox3 isoforms and actin in
macrophages cultured under control, MS conditions or in the presence of BEL. G,
Immunoblots of Nox2, iPLA2β, and actin in macrophages infected with AdiPLA2β,
uninfected control macrophages, or in the presence of BEL.
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Figure 5. The Nox4 inhibitor GKT137831 and catalase reduce MCP-1 induced macrophage
migration
A, GKT137831 reduces MCP-1 induced migration of both control macrophages and those
subjected to metabolic stress by incubation with high concentrations of glucose and low
density lipoprotein. Mouse peritoneal macrophages were incubated (16 hr) in medium
containing 5 mM D-glucose (“Control” condition) or in medium supplemented with 30 mM
D-glucose and 100 μg/mL LDL (“MS” condition). MCP-1-induced migration was measured
in a Boyden chamber assay in the presence or absence of the Nox4 inhibitor GKT137831
(10 μM) for macrophages infected with an adenoviral vector driving overexpression of
Nox4 (AdNox4), control uninfected cells, or cells treated with Nox4 siRNA. B and C,
Pretreatment with PEG-Catalase (500 U/ml) but not with PEG-SOD (500 U/ml) reduces the
effect of metabolic stress to enhance MCP-1-induced macrophage migration and H2O2
production, as measured with an Amplex Red assay kit (Invitrogen, Cat# A22188). An
asterisk (*) denotes a p value < 0.01 for the difference between the indicated condition
compared to PEG alone (n = 3).
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Figure 6. Macrophage production of lysophosphatidic acid (LPA) derived from iPLA2β action
increases in cells subjected to metabolic stress by incubation with high concentrations of glucose
and lipoprotein, and LPA drives increased Nox4 expression, H2O2 production, and enhanced
MCP-1-induced migration
Peritoneal macrophages isolated from C57BL/6J mice were incubated in medium containing
5 mM D-glucose (“Control” condition) or supplemented with 30 mM D-glucose and 100 μg/
mL LDL (“MS” condition) without or with BEL and/or infection with an adenovirus driving
iPLA2β overexpression (AdiPLA2β). A, Macrophage LPA production. In panels B – D,
effects of pretreating macrophages with the LPA1/3 receptor antagonist VPC32183 (5 nM,
30 min) before exposing them to MS conditions (24 hr) were examined, and VPC3218
pretreatment was found to: B. Suppress MS-induced increases in macrophage
immunoreactive Nox4 expression in Western blotting experiments; C. Prevent MS-induced
increases in macrophage H2O2 production; and D. Prevent MS-induced enhancement of
migration in response to MCP-1. An asterisk (*) denotes a p value < 0.01 for the difference
between the indicated condition compared to the rest of the groups (n = 3).
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Figure 7. Exogenous LPA reverses the effects of the iPLA2β inhibitor BEL to suppress
macrophage Nox4 expression, increased production of H2O2, and enhanced migration in
response to MCP-1 that otherwise occur in cells subjected to metabolic stress by incubation ex
vivo with high concentrations of glucose and lipoprotein
A. Immunoblots of Nox4 and actin in macrophages preincubated (24 hr) under control or
MS conditions and then incubated (12 hr) without or with LPA (100 nM) and/or BEL (20
μM). B. H2O2 production by macropahges preincubated under control or MS conditions and
then incubated without or with LPA and/or BEL; C. MCP-1-induced migration by
macrophages preincubated under control or MS conditions and then incubated without or
with LPA and/or BEL. Displayed values represent the means of 3 independent experiments.

Tan et al. Page 21

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Model for participation of iPLA2β in the signaling cascade induced by subjecting
macrophages to metabolic stress that leads to increased Nox4 expression and enhanced
migration
Under conditions of diabetes mellitus (DM) in vivo or upon exposure of macrophages to
high concentrations of glucose and lipoproteins ex vivo, iPLA2β expression and activity rise,
and LPA production increases directly from hydrolysis of PA or indirectly by hydrolysis of
PC to yield LPC that is then metabolized to LPA. Interaction of LPA with its receptor(s)
initiates a signaling cascade that results in increased Nox4 expression and activity, which in
turn leads to increased production of ROS and H2O2 that enhance the migratory responses of
macrophages to signals in vivo that lead to their accumulation at sites of vascular
inflammation and to MCP-1 ex vivo. This sequence can be interrupted by inhibiting iPLA2β
(with BEL or antisense oligonucleotides or in iPLA2β-KO mice), by blocking LPA receptors
(with the competitive antagonist VPC32183), or by inhibiting Nox4 (with GKT137831). In
the diagram, arrows indicate activation or production, and T-lines indicate inhibition.
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Table

Characteristics of LDLR−/− mice fed a high fat diet (HFD)

Weeks of HFD 0 8 16 24

Body weight (g) 25.3 ± 1.2 36.6 ± 1.7* # 43.8 ± 2.0* 48.2 ± 2.5*

White fat pad mass (g) 1.7 ± 0.2 2.6 ± 0.2* # 3 ± 0.3* 3.6 ± 0.2*

Blood glucose 103.6 ± 6.1 156.1 ± 8.9* # 201.5 ± 11.3* 233.3 ± 13.6*

Plasma TC (mg/ml) 210 ± 6.2 520 ± 9.0* # 625 ± 7.5* 630 ± 10.6*

Plasma TG (mg/ml) 129 ± 6.1 196 ± 5.5* # 256 ± 8.5* 276 ± 11.8*

Plasma insulin (ng/ml) 0.6 ± 0.2 7.5 ± 3.0* 10.9 ± 2.1* 11.6 ± 2.6*

Macrophages in lesion (mm2) 0.04 ± 0.01 0.23 ± 0.06*# 0.57 ± 0.1* 1.26 ± 0.5*

Atherosclerotic lesion (mm2) 0.09 ± 0.03 0.61 ± 0.15*# 1.5 ± 0.4* 3.6 ± 0.6*

Note: LDLR−/− mice fed a HFD for the indicated intervals develop obesity and a metabolic syndrome characterized by hyperglycemia and
hyperlipidemia. Body weight, epididymal fat pad mass, and concentrations of blood glucose and plasma total cholesterol (TC), triglycerides (TG),
and insulin were measured as described in Materials and Methods. Macrophages recruited into aortic sinus atherosclerotic lesions are quantified as

CD-68 positive staining area (mm2). Aortic sinus atherosclerotic lesion area pertains to the area inside the elastic lamina (mm2). Data are presented
as mean ± SEM. An asterisk (*) denote a p value < 0.05 for the difference between the indicated condition and the HFD 0 week condition, which
pertains to mice fed a maintenance diet. A hashtag symbol (#) denotes a p value < 0.01 for the difference between the indicated condition and
HFD-fed mice at 16 or 24 weeks (n = 9).
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