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Abstract
It has been demonstrated that 15-lipoxygenase (15-LO) plays a role in atherogenesis, but the
underlying mechanisms were unclear. Therefore, the purpose of the present study is to explore the
mechanisms of 15-LO role in atherogenesis. 15(S)-hydroxyeicosatetraenoic acid [15(S)-HETE],
the major 15-LO-dependent metabolite of arachidonic acid (AA), stimulated the production of
reactive oxygen species (ROS) by monocytes through the xanthine oxidase–mediated activation of
NADPH oxidase, which led to the Syk-, Pyk2-, mitogen-activated protein kinase (MAPK)–, and
cyclic adenosine monophosphate response element–binding protein (CREB)–dependent
production of the pro-inflammatory cytokine interleukin-17A (IL-17A). In addition, this pathway
was required for the 15(S)-HETE–dependent migration and adhesion of monocytes to endothelial
cells. Consistent with these observations, we found that peritoneal macrophages from ApoE−/−

mice fed a high-fat diet (a mouse model of atherosclerosis) exhibited increased xanthine oxidase
and NADPH oxidase activities, ROS production, phosphorylation of Syk, Pyk2, MAPK, and
CREB, and enhanced IL-17A production compared to those from ApoE−/−:12/15-LO−/− mice.
These events correlated with increased lipid deposits and numbers of monocytes and macrophages
in the aortic arches of these mice, which resulted in atherosclerotic plaque formation. Together,
these observations suggest that 15(S)-HETE exacerbates atherogenesis by enhancing CREB-
dependent IL-17A production.

INTRODUCTION
Cardiovascular diseases are the leading cause of death and disability in the world (1).
Atherosclerosis, which is a chronic inflammatory disease, is the major cause of heart failure
and stroke, and it accounts for most of the deaths caused by cardiovascular diseases (1, 2).
Atherosclerosis is characterized by thickening of the arterial wall as a result of the
accumulation of lipid-laden foam cells of macrophage and smooth muscle cell origin, as
well as calcification (3). A large body of data shows that lipoxygenases (LOs), particularly
5- and 15-LOs, which are enzymes that catalyze diooxygenation of polyunsaturated fatty
acids, play a role in the pathogenesis of this disease (4–7). One of the most explored and
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best appreciated mechanisms of the involvement of LOs in atherogenesisis the capacity of
15-LO to oxidize low-density lipoprotein (LDL) (8–11). LOs catalyze the stereospecific
insertion of molecular oxygen into cis-polyunsaturated fatty acids, such as arachidonic acid
(AA) and linoleic acid, which results in the formation of hydroperoxyeicosatetraenoic acids
(HpETEs) and hydroperoxyoctadecadienoic acids (HpODEs), respectively (12, 13). HpETEs
and HpODEs are then non-enzymatically converted to hydroxyeicosatetraenoic acids
(HETEs) and hydroxyoctadecadienoic acids (HODEs), respectively. 15-LO1 and 15-LO2
catalyze the conversion of AA mainly to 15(S)-HpETE (14, 15), whereas the murine
ortholog of 15-LO1, which is known as 12/15-LO, converts AA to 12(S)-HpETE and 15(S)-
HpETE (13). Some studies have demonstrated that when exposed to AA, atherosclerotic
arteries produce more 15-HETE than do normal arteries (16, 17). Furthermore, many of the
risk factors for cardiovascular disease, such as hypercholesterolemia, diabetes, obesity, and
smoking, are associated with the increased abundance or activity of 12/15-LO (18–22). In
addition, HETEs are pro-oxidants (that is, they induce oxidative stress) (23), and many
reports showed that oxidative stress is linked to the pathogenesis of various disorders,
including cardiovascular diseases, cancer, and rheumatoid arthritis (24, 25). Despite this,
little is known regarding the role of HETEs in atherosclerosis other than the fact that 15-LO
mediates the oxidation of LDL (9–11).

Because the migration of monocytes and macrophages to sites of vascular injury and their
adhesion to endothelium are considered to be the hallmarks of the initiation of atherogenesis
(1), we hypothesized that 15(S)-HETE, the major 15-LO–dependent product of AA,
enhanced the migration and adhesion of monocytes and macrophages to endothelium,
thereby provoking inflammation. Here, we found that 15(S)-HETE enhanced the migration
and adhesion of macrophages to monolayers of endothelial cells in vitro. In addition, we
showed that 15(S)-HETE stimulated the production of reactive oxygen species (ROS) by
activating the xanthine oxidase–dependent NADPH (nicotinamide adenine dinucleotide
phosphate) oxidase, which led to stimulation of the transcription factor CREB [cyclic
adenosine monophosphate (cAMP) response element (CRE)–binding protein] and
production of the pro-inflammatory cytokine interleukin-17A (IL-17A), which facilitated
monocyte and macrophage migration and adhesion. Stimulation of CREB depended on the
activities of the nonreceptor tyrosine kinases Syk and Pyk2, as well as the mitogen-activated
protein kinases (MAPKs). Furthermore, peritoneal macrophages isolated from mice
deficient in apolipoprotein E (ApoE−/− mice) that were fed a high-fat diet (a mouse model of
atherosclerosis) exhibited substantially increased activities of xanthine oxidase and NADPH
oxidase, production of ROS, phosphorylation of Syk, Pyk2, MAPK, and CREB, and
production of IL-17A compared to those isolated from ApoE−/−:12/15-LO−/− mice fed a
high-fat diet. These observations also correlated with increased amounts of ROS, lipid
deposits, numbers of monocytes and macrophages, IL-17A production, and plaque
formation in the aortic arches of ApoE−/− mice compared to those of ApoE−/−:12/15-LO−/−

mice fed a high-fat diet, which is suggestive of a crucial role for 12/15-LO in the
development of high-fat diet–induced oxidant stress and inflammation. These findings
indicate that 12/15-LO plays a role in atherogenesis by enhancing CREB-dependent IL-17A
production.

RESULTS
15(S)-HETE stimulates the migration of THP1 cells and their adhesion to endothelial cells
in a ROS-dependent manner

Inflammation is considered to be an underlying factor for atherogenesis (26, 27). In addition,
a role for LOs in atherogenesis and inflammation has been demonstrated (4–7, 21).
However, the mechanisms by which LOs influence atherogenesis are not clear other than
that 15-LO oxidizes LDL (9–11). To understand the role of LOs in atherogenesis, we
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studied the effects of 5-, 12-, and 15(S)-HETE, which are derived by cleavage of AA by 5-
LO, 12-LO, and 15-LO, respectively, on the migration and adhesion of monocytes. Of all
the HETEs tested, 15(S)-HETE was the most potent in stimulating both the migration of
THP1 cells (a human monocytic cell line) and their adhesion to a monolayer of human
umbilical vein endothelial cells (HUVECs) (Fig. 1, A and B). 15(S)-HETE was more potent
than 15(R)-HETE in stimulating both the migration and adhesion of THP1 cells (Fig. 1, C
and D), which suggests that these effects are specific to 15-LO metabolites of AA. Analysis
of the dose-response effect of 15(S)-HETE showed that maximal effects on THP1 cell
migration and adhesion occurred at 0.1 μM 15(S)-HETE (Fig. 1, E and F).

To understand the mechanisms underlying the 15(S)-HETE–dependent migration and
adhesion of THP1 cells, we tested its effects on ROS production. 15(S)-HETE stimulated
ROS production in a time-dependent manner, with a maximal four-fold increase in ROS
generation 1 hour after treatment (Fig. 2A). A convincing body of evidence suggests that
NADPH oxidase and xanthine oxidase are the major producers of ROS in most cell types
(25, 28, 29). Therefore, to find the source of 15(S)-HETE-induced ROS, we tested the roles
of NADPH oxidase and xanthine oxidase in THP1 cells. 15(S)-HETE stimulated the
activities of both NADPH oxidase and xanthine oxidase in a time-dependent manner with a
maximal three- to five-fold increase 30 min after treatment (Fig. 2, B and C). In addition, we
found that the NAPDH oxidase inhibitors apocyanin and diphenyleneiodonium (DPI) (30),
as well as the xanthine oxidase inhibitor allopurinol (30), substantially reduced the extent of
15(S)-HETE–dependent ROS production (Fig. 2D).

To confirm these findings, we used an antisense oligonucleotide (ASO) approach. Depletion
of either p47Phox, a component of NADPH oxidase (28), or xanthine oxidase substantially
attenuated 15(S)-HETE–dependent ROS production (Fig. 2E) in THP1 cells. Inhibition or
depletion of NADPH oxidase or xanthine oxidase also blocked the 15(S)-HETE–dependent
migration and adhesion of THP1 cells (Fig. 2, F and G). Because inhibition or depletion of
NADPH oxidase and xanthine oxidase similarly attenuated 15(S)-HETE–dependent ROS
production, we next asked whether there was any interaction between these oxidases.
Inhibition of NADPH oxidase activity or depletion of NADPH oxidase protein by
pharmacological or ASO-based approaches, respectively, had minor effects on 15(S)-
HETE–dependent xanthine oxidase activity (Fig. 2H). On the other hand, inhibition of
xanthine oxidase activity or depletion of xanthine oxidase protein by pharmacological or
ASO-based approaches, respectively, substantially attenuated 15(S)-HETE–dependent
NADPH oxidase activity (Fig. 2I), similarly to that of specific NADPH oxidase inhibitors,
suggesting that 15(S)-HETE–stimulated NADPH oxidase activity and ROS production
depend on xanthine oxidase activity.

We also tested the role of xanthine oxidase in the phosphorylation of the NADPH oxidase
component p47Phox (25, 28). We found that 15(S)-HETE stimulated the phosphorylation of
p47Phox in a time-dependent manner (Fig. 2J), and knockdown of xanthine oxidase
abundance by ASO substantially inhibited this effect (Fig. 2J). These findings suggest that
15(S)-HETE stimulated NADPH oxidase activity in a xanthine oxidase–dependent manner,
leading to the production of ROS. To obtain additional evidence for these effects of 15(S)-
HETE, we also tested its effects on the activities of NADPH oxidase and xanthine oxidase
and ROS production in mouse primary macrophages. 15(S)-HETE stimulated NADPH
oxidase and xanthine oxidase activities, as well as ROS production, in a time-dependent
manner, with maximal increases after 1 hour of treatment (Fig. 3, A to C). Consistent with
these effects, 15(S)-HETE also induced the migration and adhesion of these cells to a
monolayer of mouse endothelial cells (Fig. 3, D and E).
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15(S)-HETE–stimulated migration and adhesion of THP1 cells requires ROS-dependent
activation of Syk and Pyk2

ROS act as intracellular signals primarily through their capacity to inhibit protein tyrosine
phosphatases (PTPs), thereby tilting the balance of the system towards the activation of
protein tyrosine kinases (PTKs) (31, 32). Having found that 15(S)-HETE stimulated ROS
production, we next asked whether ROS led to the activation of any nonreceptor tyrosine
kinases. We tested the effect of 15(S)-HETE on the activation of three nonreceptor tyrosine
kinases, Src, Syk, and Pyk2. Although 15(S)-HETE caused only a marginal increase in the
tyrosine phosphorylation of Src, it stimulated the tyrosine phosphorylation of both Syk and
Pyk2 in a time-dependent manner, with near-maximal increases in phosphorylation 1 hour
after treatment (Fig. 4A). To test the roles of Syk and Pyk2 in the 15(S)-HETE–dependent
migration and adhesion of THP1 cells, we used a combination of pharmacological and
genetic approaches. We found that BAY61-3606 and PF431396, specific inhibitors of Syk
(33) and Pyk2 (34), respectively, inhibited 15(S)-HETE–stimulated migration and adhesion
of THP1 cells (Fig. 4B). Similarly, ASO-mediated reduction in the abundance of Syk or
Pyk2 also reduced the 15(S)-HETE–dependent migration and adhesion of THP1 cells (Fig.
4C).

To understand the mechanisms by which Syk and Pyk2 were activated by 15(S)-HETE, we
tested the role of ROS. Inhibition or depletion of either NADPH oxidase or xanthine oxidase
attenuated the 15(S)-HETE–dependent phosphorylation of Syk and Pyk2 (Fig. 4D).
Because, 15(S)-HETE activated both Syk and Pyk2 with similar time courses, we asked
whether there was any interaction between these two kinases. Inhibition or depletion of Syk
blocked the 15(S)-HETE–dependent phosphorylation of Pyk2 (Fig. 4E).Conversely,
inhibition or depletion of Pyk2 substantially inhibited the phosphorylation of Syk (Fig. 4E),
which suggested that each kinase depended on the other for activation.

Based on these observations, we performed coimmunoprecipitation experiments to
determine whether Syk and Pyk2 interacted with each other. We found that both Syk and
Pyk2 physically associated with each other in THP1 cells, and that this interaction was
enhanced in response to 15(S)-HETE (Fig. 4F). To explore potential signaling events
downstream of the 15(S)-HETE-dependent activation of Syk and Pyk2, we tested the
stimulation of MAPKs. 15(S)-HETE induced the phosphorylation of extracellular signal–
regulated kinases 1 and 2 (ERK1/2), c-Jun N-terminal kinases 1 and 3 (JNK1/3), and p38 in
a time-dependent manner, with maximal responses 1 hour after treatment (Fig. 5A). In
addition, PD098059, SP600125 and SB203580, which specifically inhibit MEK1/2 (kinases
that activate ERK1/2), JNK1/2, and p38, respectively (35), inhibited 15(S)-HETE–
stimulated THP1 cell migration and adhesion (Fig. 5B). Furthermore, inhibition or depletion
of NADPH oxidase, xanthine oxidase, Syk, or Pyk2 blocked 15(S)-HETE–dependent
phosphorylation of ERK1/2, JNK1/3, and p38 (Fig. 5, C and D). These findings revealed
that 15(S)-HETE stimulated the activation of ERK1/2, JNK1/3, and p38 in a manner
dependent on xanthine oxidase, NADPH oxidase, Syk, and Pyk2.

15(S)-HETE–stimulated migration and adhesion of THP1 cells requires ROS, Syk, Pyk2,
and MAPK-dependent activation of CREB

Having observed that 15(S)-HETE stimulated MAPK activation, we next asked whether
these responses led to the activation of transcription factors. We and others showed that
MAPKs mediate the activation of ATF2 (activating transcription factor 2) and CREB during
15(S)-HETE–stimulated migration of endothelial cells and vascular smooth muscle cells
(15, 36). Therefore, we tested the effect of 15(S)-HETE on ATF2 and CREB activation in
THP1 cells. We found that whereas 15(S)-HETE had no effect on ATF2 phosphorylation, it
stimulated CREB phosphorylation in a time-dependent manner with a maximal response
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after 1 hour of treatment (Fig. 6A). ASO-mediated knockdown of CREB inhibited the 15(S)-
HETE–stimulated migration and adhesion of THP1 cells (Fig. 6B). To elucidate the
mechanisms underlying 15(S)-HETE–dependent CREB activation, we tested the roles of
NADPH oxidase, xanthine oxidase, Syk, Pyk2, and the MAPKs. Depletion of NADPH
oxidase, xanthine oxidase, Syk, or Pyk2, or pharmacological inhibition of MAPKs
attenuated the 15(S)-HETE–dependent phosphorylation of CREB (Fig. 6, C to E).

15(S)-HETE–stimulated migration and adhesion of THP1 cells requires ROS-, Syk-, Pyk2-,
MAPK-, and CREB-dependent production of IL-17A

We next studied the effects of 15(S)-HETE on the production of the proinflammatory
cytokines IL-11, IL-17A, and tumor necrosis factor α (TNF-α) by THP1 cells. Whereas
15(S)-HETE reduced the abundances of both IL-11 and TNF-α mRNAs in THP1 cells, it
increased IL-17A mRNA abundance in a time-dependent manner, with a maximal effect
after 2 hours of treatment (Fig. 7A). Because 15(S)-HETE increased the abundance of
IL-17A mRNA, we next examined its effects on IL-17A protein abundance, and found that it
stimulated maximal IL-17A protein production after 2 hours of treatment (Fig. 7B). IL-17A
stimulated the migration and adhesion of THP1 cells in a dose-dependent manner, with a
maximum response at a concentration of 20 ng/ml (Fig. 7C). Furthermore, neutralizing anti–
IL-17A antibodies blocked the IL-17A–dependent, as well as the 15(S)-HETE–dependent,
migration and adhesion of THP1 cells (Fig. 7D). ASO-mediated depletion of NADPH
oxidase, xanthine oxidase, Syk, Pyk2, or CREB, and pharmacological inhibition of MAPKs
attenuated the 15(S)-HETE–dependent production of IL-17A (Fig. 7, E to H). These
observations suggest that 15(S)-HETE stimulates the migration and adhesion of THP1 cells
through the xanthine oxidase–dependent NADPH oxidase–mediated production of ROS,
which leads to the activation of a signaling axis consisting of Syk, Pyk2, and various
MAPKs, which culminates in activation of the transcription factor CREB and the production
of IL-17A.

12/15-LO mediates the production of IL-17A in mice fed a high-fat diet
Apolipoprotein E-deficient (ApoE−/−) mice develop atherogenesis spontaneously and so
these mice were used as a model to study the pathogenesis of atherosclerosis (2). Previous
studies have shown that deletion of 12/15-LO in ApoE−/− mice attenuates high-fat diet-
induced atherogenesis (5, 10). Therefore, to explore the pathophysiological importance of
these findings, we used both ApoE−/− and ApoE−/−:12/15-LO−/− mice. After feeding
ApoE−/− mice and ApoE−/−:12/15-LO−/− mice with a high-fat diet for 8 weeks, we studied
the signaling events that we characterized earlier in monocytes and macrophages. We found
that macrophages from ApoE−/−:12/15-LO−/− mice exhibited substantially reduced
migration and adhesion capacities compared to those of ApoE−/− mice, as well as
demonstrating comparatively reduced NADPH oxidase and xanthine oxidase activities, ROS
production, Syk, Pyk2, MAPK, and CREB phosphorylation, and IL-17A production (Fig. 8,
A to C). Furthermore, the plasma concentration of IL-17A was substantially lower in
ApoE−/−:12/15-LO−/− mice than in ApoE−/− mice (Fig. 8D). In contrast, the concentration of
the anti-inflammatory cytokine IL-10 was substantially greater in ApoE−/−:12/15-LO−/−

mice than in ApoE−/− mice (Fig. 8D). Thus, these in vivo findings suggest that 12/15-LO
plays a role in enhancing the inflammation elicited by the xanthine oxidase–dependent and
NADPH oxidase–dependent ROS production that leads to Syk-Pyk2-MAPK-mediated
CREB activation and IL-17A production. These observations also suggest that 12/15-LO
increases the cellular oxidant state of inflammatory cells, particularly monocytes and
macrophages, in response to the cardiovascular risk factors of high-fat diet and increased
caloric intake.
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To correlate these observations with plaque formation, we isolated the aortic arches from
ApoE−/− mice and ApoE−/−:12/15-LO−/− mice that were fed a high-fat diet for 8 weeks, and
examined them for ROS production, lipid deposits, and numbers of monocytes and
macrophages, as well as for IL-17A production. We observed increased amounts of ROS
(both superoxide anion and H2O2), lipid deposits (by Oil Red O staining), and numbers of
monocytes and macrophages in the aortic arches of ApoE−/− mice compared to those of
ApoE−/−:12/15-LO−/− mice (Fig. 8, E to H). In addition, immunofluorescence staining
showed that the aortic arches of ApoE−/− mice exhibited increased abundance of IL-17A
compared to those of ApoE−/−:12/15-LO−/− mice (Fig. 8I). Similarly, double
immunofluorescence staining for the macrophage marker Mac-3 and IL-17A revealed that
there was an increased number of IL-17A–producing macrophages in the aortic arches of
ApoE−/− mice compared to those of ApoE−/−:12/15-LO−/− mice fed a high-fat diet (Fig. 8I).

DISCUSSION
The presence of abnormal amounts of LDL represents a risk factor for cardiovascular
diseases (8, 37). The major mechanism underlying the role of the oxidative modification of
LDL in atherosclerosis is its uptake and retention by macrophages, which then transform
into foam cells and accumulate in the arterial wall, resulting in increased thickness and
hardening (1, 26, 27). The gradual accumulation of lipid-laden foam cells leads to plaque
formation. Whereas the progression of the plaque eventually leads to occlusion of the artery,
unstable plaques can also rupture and expose their thrombogenic matrix to blood, which
leads to the formation of thrombo-embolic occlusions (37). Many reports showed that 15-
LO1 and its murine ortholog 12/15-LO play a role in atherogenesis by mediating the
oxidation of LDL (4–7, 9–11). Although the mechanisms by which 15-LO1 modifies LDL
are still unclear, some reports showed that upon exposure to AA, atherosclerotic arteries,
liver, or macrophages in vivo, ex vivo or in vitro generate 15-HETE to sub-micromolar
concentrations (16, 17, 38, 39), which raises the possibility that this lipid mediator might
have some influence in atherogenesis. Indeed, 15-HpETE, the peroxide form of 15-HETE, is
capable of enhancing the oxidation of LDL in the presence of catalytic amounts of copper
(23).

Because HpETEs are mostly unstable, we asked whether their relatively stable form, 15(S)-
HETE, influences the atherogenic process. We previously showed that 15(S)-HETE
enhances vascular wall remodeling in response to injury (14) and increases angiogenesis in
response to ischemia (30). Having observed that 15(S)-HETE enhanced the migration of
endothelial cells and smooth muscle cells, we reasoned that it might also promote the
migration of monocytes and macrophages as well as their adhesion to endothelium, thereby
influencing atherogenesis. Here, we found that 15(S)-HETE stimulated monocyte migration
and adhesion to endothelium. Oxidative stress plays a crucial role in vascular diseases (24,
28). Because some reports showed that 15-HpETE promotes oxidative stress and enhances
the oxidation of LDL in the presence of copper (23), we asked whether 15(S)-HETE had any
role in producing ROS. We found that 15(S)-HETE enhanced ROS production in a time-
dependent manner, and that this effect depended on the activities of both xanthine oxidase
and NADPH oxidase.

We also showed that 15(S)-HETE–stimulated NADPH oxidase activation depended on
xanthine oxidase activity. A large body of evidence suggests that NADPH oxidase is the
major producer of ROS in vascular cells and in other cell types (25, 28). Early studies
showed that xanthine oxidase plays a role in tissue reperfusion injury (29); however, to our
knowledge, the possibility of there being an interaction between these two unrelated
oxidases has not been examined before. Because allopurinol, a competitive inhibitor of
xanthine oxidase (33), or knockdown of xanthine oxidase abundance with a specific ASO
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blocked the 15(S)-HETE–dependent phosphorylation of p47Phox, a regulatory component
of NADPH oxidase (29), it is likely that xanthine oxidase plays a role in the activation of
NADPH oxidase. Furthermore, phosphorylation of p47phox is required for its membrane
translocation where it forms a complex with Nox to assemble the active NADPH oxidase
(25, 29). Thus, our findings uncover a potentially important mechanism by which xanthine
oxidase and NADPH oxidase interact to stimulate the production of ROS in response to
15(S)-HETE.

Previous studies showed that oxidants, such as H2O2, inhibit protein tyrosine phosphatases
(PTPs) and thereby enhance the phosphorylation of receptor and nonreceptor tyrosine
kinases, causing their activation (31, 32). Here, we provide evidence that 15(S)-HETE
stimulated the tyrosine phosphorylation of Syk and Pyk2 through the xanthine oxidase– and
NADPH oxidase–dependent production of ROS that in turn was required for the migration
of THP1 cells and their adhesion to a HUVEC monolayer. Furthermore, Syk and Pyk2
mutually depended on each other for their phosphorylation, because inhibition of either
kinase blocked the phosphorylation of the other. In support of this mechanism, we observed
that a physical interaction between Syk and Pyk2 was enhanced in response to 15(S)-HETE.
One possible explanation for the mutually dependent phosphorylation of Syk and Pyk2
might be a result of their association with a PTP. Inhibition of the associated PTP may lead
to the phosphorylation and activation of one of these kinases acutely, which in turn, might
have a priming effect on the phosphorylation of the other with a feed-forward mechanism.

Although a role for Syk in inflammation is not well-established, the involvement of Pyk2 in
inflammation and atherogenesis has been reported (40, 41). In addition, both Syk and Pyk2
play a role in vascular wall remodeling in response to injury (42, 43). Here, we showed that
both Syk and Pyk2 interacted with each other and mediated monocyte migration. Previously,
we showed that 15(S)-HETE activates MAPKs in endothelial cells and vascular smooth
muscle cells to mediate their migration (15, 30). Consistent with these observations, we
found that 15(S)-HETE also stimulated the activation of ERK1/2, JNK1/3, and p38 in THP1
cells to mediate their migration and adhesion. In addition, the 15(S)-HETE–dependent
activation of MAPK signaling required the activation of xanthine oxidase, NADPH oxidase,
Syk, and Pyk2.

Many reports have shown that Src and Pyk2 mediate MAPK activation in response to
external cues (31, 32, 44). We showed that by phosphorylating and activating CREB,
MAPKs modulate the migration of vascular smooth muscle cells in response to 15(S)-HETE
(15). Here, we also found that 15(S)-HETE activated CREB, and that stimulation of CREB
activity was required for the migration of THP1 cells and for their adhesion to endothelial
cells. Furthermore, the 15(S)-HETE–dependent activation of CREB required the stimulation
of MAPK signaling downstream of xanthine oxidase, NADPH oxidase, Syk, and Pyk2.
Studies indicate that CREB plays a role in the hormonal regulation of cell metabolism,
neuronal plasticity, memory, and cell survival (45, 46). Our findings showed that in
monocytes, CREB enhanced the production of proinflammatory cytokines, such as IL-17A,
revealing a possible role for CREB in mediating inflammation. Furthermore, the blockade of
15(S)-HETE–dependent migration and adhesion of THP1 cells by neutralizing anti–IL-17A
antibodies suggests that IL-17A mediates the inflammatory effects of CREB.

The adhesion of THP1 cells to a monolayer of HUVECs may require the availability of
adhesion molecules. Studies showed that the LO-dependent products derived from linoleic
acid, such as 13-HpODE, stimulate the production of vascular cell adhesion molecule
(VCAM) by HAECs (human aortic endothelial cells) (47). Based on this information, we
hypothesize that 15(S)-HETE might stimulate the production of cell adhesion molecules,
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such as VCAM, by HUVECs, which could facilitate the adhesion of monocytes and
macrophages, and that this effect may also depend on IL-17A.

Many studies have shown that deletion of the gene encoding 12/15-LO results in decreased
atherosclerosis in ApoE−/− mice fed a high-fat or Western diet, which suggests a role for
12/15-LO in atherogenesis. In addition, it was reported that macrophages expressing 12/15-
LO contribute to atherogenesis (48). However, the protective role of loss of 12/15-LO on
atherosclerosis was attributed to the involvement of 12/15-LO in LDL oxidation. Here, we
observed that peritoneal macrophages from ApoE−/− mice fed a high-fat diet exhibited
substantially increased xanthine oxidase and NADPH oxidase activities, produced more
ROS, had increased phosphorylation and activation of Syk, Pyk2, MAPK, and CREB, and
produced more IL-17A than did ApoE−/−:12/15-LO−/− mice fed a high-fat diet. These
observations suggest that 12/15-LO plays a critical role in ROS production, and that this
response depends on the activities of xanthine oxidase and NADPH oxidase.

A number of studies have shown that IL-17A plays a role in vascular inflammation and
atherogenesis (49, 50); however, some reports indicate that IL-17A alone may not be
sufficient to account for aortic plaque burden (51). Because loss of 12/15-LO in mice fed a
high-fat diet reduced the production of IL-17A, we propose that 12/15-LO plays a role in
high-fat diet–induced IL-17A production in ApoE−/− mice. In addition, we found that the
increased abundance of IL-17A correlated with the number of macrophages in the lesion
area, which was substantially higher in ApoE−/− mice than in ApoE−/−:12/15-LO−/− mice.
This suggests that the 12/15-LO–12/15(S)-HETE axis plays a role in stimulating IL-17A
production in macrophages, causing their migration in an autocrine manner. Furthermore,
given the known role for IL-17A in promoting inflammation (49–51), it is tempting to
suggest that 12/15-LO, through its regulatory effect on IL-17A production, plays a major
role in atherogenic inflammation. In this context, we should also point out that a report
showed that 12/15-LO mediates inflammation in adipose tissue (21). Other reports showed
that the cytokine IL-8 stimulates the production of 15-HETE by neutrophils (52). Here, we
showed that 12/15-LO and 15(S)-HETE both played a role in increasing the production of
IL-17A. Based on these observations, we suggest that there is a feed-forward circuitry
between 12/15-LO and cytokine regulation in the modulation of atherogenic inflammation.
Because 15(S)-HETE stimulates the xanthine oxidase– and NADPH oxidase–dependent
generation of ROS, it is possible that this mechanism, activated by 12/15-LO, mediates the
oxidation of LDL in atherogenesis. Based on these findings, we suggest that 12/15-LO plays
an important role in the generation of oxidative stress and inflammation in response to a
high-fat or Western diet, and thereby might promote the development of atherosclerotic
lesions. Together, these findings suggest that 12/15-LO appears to be an upstream modulator
of atherogenesis and that it might be a target for drug development.

MATERIALS AND METHODS
Reagents

Anti-pCREB (9198), anti-pERK1/2 (9101), anti-pJNK1/3 (9251), anti-pp38 MAPK (9215),
anti-pPyk2 (3291), and anti-pSyk (2715) antibodies were purchased from Cell Signaling
Technology. Anti-CD68 (SC-9139), anti-CREB (SC-58), anti-ERK2 (SC-154), anti–IL-17
(SC-374218), anti-JNK3 (SC-752), anti–Mac-3 (SC-19991), anti-p38 MAPK (SC-538),
anti-p47Phox (SC-14015), anti-Syk (SC-573), anti-β-tubulin (SC-9104), and anti-XO
(SC-20991) antibodies were obtained from Santa Cruz Biotechnology, Inc. Anti-Pyk2
(ab32571) and anti–CD-11b (ab8878) antibodies, as well as the IL-17–specific enzyme-
linked immunosorbent assay (ELISA) kit (ab100702) were purchased from Abcam. 5(S)-
HETE (34230), 12(S)-HETE (34570), 15(R)-HETE (34710), 15(S)-HETE (34720), and the
xanthine oxidase kit (10010895) were obtained from Cayman Chemicals. The NADPH
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oxidase kit (KA1663) was obtained from Abnova. Thioglycolate medium, brewer-modified
(21176) was purchased from BD Biosciences. Apocynin (A10809) and allopurinol (A8003)
were obtained from Sigma Aldrich Chemicals. Diphyneleneiodonium chloride (BML-
CN240) and PD-098059 (BML-EI360) were purchased from Enzo Life Science. SP328007
and SB559389 were obtained from Calbiochem. The Lipofectin transfection reagent
(15596018), CM-H2DCFDA (C6827), DHE (D11347), BCECF-AM (B1170), and TRIzol
reagent were obtained from Invitrogen. Human recombinant IL-17 (317-ILB-050), IL-17–
specific neutralizing antibody (AF-317-NA), and the IL-10 ELISA kit (M10000B) were
obtained from R&D Systems. The ECL Western blotting detection reagents (RPN2106)
were obtained from GE Health Care. The following phosphorothiolate-modified antisense
oligonucleotides were synthesized by IDT: hControl ASO: 5′-
GGGGGUTCTCTGCGTACGGTGCUAGU-3’; hp47Phox (NM_000265) ASO1: 5′-
GGGCUCAGGGTCTTCCGTCUCGUC-3’; hp47Phox ASO2: 5′-
GUUGGGCTCAGGGTCTTCCGUCUC-3’; hXO (NM_000379) ASO1: 5′-
CCCAUCTCCTCCACAGCAUCCACC-3’; hXO ASO2: 5′-
GCCUCCTCCCATTCTCTTCACUCG-3’; hSyk (NM_001174168) ASO1: 5′-
CCCAUCCGCTCTCCTUUCUC-3’; hSyk ASO2: 5′-CUUCCCTGTCTTGTCUUUGU-3’;
hSyk ASO3: 5′-UUCCCTGTCTTGTCTUUGUC-3’; hPyk2 (NM_173175) ASO1: 5′-
GGCGGUTCTGCGTACGGTGCUAGU-3’; hPyk2 ASO2: 5′-
GGUCUGTACTTAGGTCGGCUGGGC-3’; hPyk2 ASO3: 5′-
CCUGUGTCCATAGCCCAGAGUACC-3’; hCREB (NM_004379) ASO1: 5′-
CUCUGCTGGTTCTCGGCUCC-3’; hCREB ASO2: 5′-
GUGGCAATCTGTGGCUGGGC-3’; and hCREB ASO3: ‘5-
GCUGCTTCCCTGTTCUUCAU-3’. h, human.

Cell culture
THP1 cells, a human leukemic monocyte cell line, were purchased from the American Type
Culture Collection (ATCC) and cultured in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS), penicillin (50 U/ml), streptomycin (50 μg/ml),
and 50 μM β-mercaptoethanol. HUVECs were obtained from Invitrogen and were cultured
in Medium 200 with low serum growth supplements (LSGS), containing gentamycin (10 μg/
ml) and amphotericin B (0.25 μg/ml). Mouse pancreatic endothelial cells were obtained
from ATCC and were maintained in DMEM-F12 medium supplemented with 10% FBS,
penicillin (50 U/ml), and streptomycin (50 μg/ml). All cell cultures were maintained in a
humidified 95% air and 5% CO2 atmosphere at 37°C.

Cell migration assays
A modified Boyden chamber method was used to measure cell migration (15). THP1 cells
were growth-arrested overnight in serum-free RPMI-1640 medium. Cells were resuspended
in serum-free medium and plated on Matrigel-coated cell culture inserts at 5 × 104 cells/
insert. 15(S)-HETE was added to a final concentration of 0.1 μM to both the upper and
lower chambers, and the cells were incubated for 8 hours at 37°C. The inserts were then
lifted, non-migrated cells on the upper surface of the membrane were removed with a cotton
swab, and the membrane was then fixed in methanol and stained with DAPI (4’,6-
diamidino-2-phenylindole) to visualize nuclei. Whenever ASOs were used, cells were
transfected first with the indicated ASOs for 6 hours in serum-free medium before being
maintained in complete medium for 36 hours and then being subjected to growth-arrest and
migration. Whenever inhibitors were used, cells were incubated first with the indicated
inhibitor for 30 min. The DAPI-positive cells were counted under an inverted microscope
(Carl Zeiss AxioVision AX10) and the extent of migration was expressed as the number of
cells per field of view.
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Cell adhesion assays
The adhesion of THP1 cells to HUVECs was measured with a fluorometric method (53).
Briefly, quiescent THP1 cells were left untreated or were treated with 0.1 μM 15(S)-HETE
for 1 hour at 37°C and then were labeled with 10 μM BCECF-AM [2’,7’-bis-(2-
carboxyethyl)-5(and-6)-carboxyfluorescein-acetoxymethyl) in serum-free medium for 30
min. The labeled cells were plated on a quiescent monolayer of HUVECs at 8 × 104 cells/
well, and were incubated for a further 2 hours, after which, any nonadherent THP1 cells
were washed out with phosphate-buffered saline (PBS). The adherent BCECF-AM–labeled
THP1 cells were then lysed in 0.2 ml of 0.1 M Tris-HCl containing 0.1% Triton X-100, and
the fluorescence intensity was measured in a Spectra Max Gemini XS Spectroflurometer
(Molecular Devices) with excitation at 485 nm and emission at 535 nm. Cell adhesion was
expressed as relative fluorescence units.

ELISA
The concentrations of IL-10 and IL-17 in plasma from mice were measured with specific
ELISA kits according to the manufacturers’ instructions (R&D systems and Abcam,
respectively).

ROS detection
Intracellular ROS generation was measured with membrane-permeable 5-(6)-
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA), as described
previously (54). After the treatments indicated in the figure legends, THP1 cells were
incubated with 10 μM CM-H2DCFDA for 30 min, washed with PBS, and resuspended in
serum-free medium. The fluorescence intensities of the resuspended cells were measured in
a Spectra Max Gemini XS Spectroflurometer (Molecular Devices) with excitation at 485 nm
and emission at 535 nm. To measure ROS concentrations in mouse arteries, aortic arch
sections of ApoE−/− mice and ApoE−/−: 12/15-LO−/− mice fed a high-fat diet were stained
with the dyes DHE (dihydroethidium) and CM-H2DCFDA to detect superoxide anions and
H2O2, respectively (55), and fluorescence intensities were measured with Nikon NIS-
Elements software version AR 3.1. ROS production was expressed as relative fluorescence
units.

RT-PCR
Total cellular RNA was extracted from THP1 cells with TRIzol reagent according to the
manufacturer’s instructions. Reverse transcription was performed with a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems). Complementary DNA (cDNA) was
then used as a template for amplification by polymerase chain reaction (PCR) with the
following primers: human IL-11 (NM_000641): forward: 5′-
CTGAGCCTGTGGCCAGATACA-3′; reverse: 5′-CTCCAGGGTCTTCAGGGAAGA-3′;
human TNF-α (NM_000594): forward: 5′-CAGAGGGCCTGTACCTCATC-3′; reverse: 5′-
GGAAGACCCCTCCCAGATAG-3′; human IL-17A (NM_002190): forward: 5′-
GCAATGAGGACCCTGAGAGA-3′; reverse: 5′-CCCACGGACACCAGTATCTT-3′;
human β-actin (NM_001101) forward: 5′-AGCCATGTACGTTGCTAT-3′; reverse: 5′-
GATGTCCACGTCACACTTCA-3′. The amplification was performed with a Gene Amp
PCR System 2400 (Applied Biosystems). The amplified PCR products were separated on
1.5% (w/v) agarose gels, stained with ethidium bromide, and images were captured with a
Kodak In-Vivo Imaging System.

Western blotting
Whole-cell lysates containing equal amounts of protein were resolved by electrophoresis on
0.1% (W/V) SDS and 10% (W/V) polyacrylamide gels. The proteins were transferred
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electrophoretically to a nitrocellulose membrane. After blocking in either 5% (W/V) nonfat
dry milk or 5% (W/V) bovine serum albumin (BSA), the membrane was incubated with the
appropriate primary antibodies followed by incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies. The antigen-antibody complexes were detected with the
Enhanced Chemiluminescence detection reagent kit (GE Health Care).

Measurement of NADPH oxidase and xanthine oxidase activities
NADPH oxidase and xanthine oxidase activities were measured with kits according to the
manufacturers’ instructions (Abnova and Cayman Chemicals, respectively).

Transfections
Cells were transfected with the indicated ASOs (100 nM) with Lipofectin transfection
reagent for 6 hours according to the manufacturer’s instructions. After transfection, cells
were maintained in complete RPMI-1640 medium for 36 hours, and then were incubated
with serum-free medium overnight before being used for experiments.

Isolation of peritoneal macrophages and collection of plasma and aortas from mice
ApoE−/− mice (stock number: 002052) were obtained from Jackson Laboratories (Bar
Harbor, ME). ApoE−/− mice and ApoE−/−:12/15-LO−/− mice (5) were bred and maintained
according to guidelines of the Institutional Animal Care and Use Facility. All of the
experiments involving mice were approved by the Animal Care and Use Committee of the
University of Tennessee Health Science Center, Memphis, TN. Male 6-week-old ApoE−/−

mice and ApoE−/−:12/15-LO−/− mice were fed with a high-fat diet (protein: 15.2%;
carbohydrate: 42.7%, and fat: 42%, Harlan Cat. No. TD.88137) for 8 weeks. To collect
peritoneal macrophages, mice were injected intra peritoneally with 2 ml of autoclaved 4%
thioglycolate. Four days later, the animals were anesthetized with ketamine and xylazine,
and the peritoneal lavage was collected in RPMI-1640 medium. Cells were incubated at 3 ×
105 cells/cm2 in complete RPMI medium containing penicillin (50 μg/ml) and streptomycin
(50 μg/ml). After 3 hours, floating cells (mostly red blood cells) were removed by washing
with cold PBS. Adherent cells (macrophages) were used either for the extraction of total
cellular protein for Western blotting analysis or to perform assays to measure migration,
adhesion, ROS production, NADPH oxidase activity, or xanthine oxidase activity. Blood
was drawn into 1.5-ml tubes containing anti-coagulant (20 μl of 0.5 M EDTA per tube) by
cardiac puncture and centrifuged at 3500g for 5 min at 4°C to collect the plasma. The
plasma was used to measure the concentrations of cytokines. The aortas and aortic arches
were perfused with PBS, dissected, and fixed in OCT (optimal cutting temperature)
compound.

Immunohistochemistry
Serial aortic arch sections (10 μm) were made with a Leica CM3050 S Cryostat machine,
fixed in an equal volume of cold acetone and methanol for 10 min, permeabilized in 0.2%
Triton-X 100 for 10 min, and blocked with 3% BSA for 30 min. The sections were then
incubated with anti-Mac3 antibody (clone M3/84) primary antibody overnight at 4°C, which
was followed by incubation with biotin-conjugated mouse anti-rat secondary antibody for 1
hour at room temperature. The sections were incubated with the ABC reagent for 30 min,
developed with DAB reagent (Vector Laboratories), and counterstained with hematoxylin.
The sections were observed with a Nikon Eclipse 50i microscope with 4×/0.10 or 10×/0.25
magnification, and images were captured with a Nikon Digital Sight DS-L1 camera.
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Oil Red O staining
After fixing with 4% (v/v) paraformaldehyde, the aortic arch sections were stained with Oil
Red O and counterstained with hematoxylin. Images were captured as described for
immunohistochemistry.

Immunofluorescence staining
The aortic arch sections were fixed with acetone:methanol (1:1) for 10 min, permeabilized
in 0.2% Triton X-100 for 10 min, blocked with 5% goat serum in 3% BSA for 1 hour, and
incubated with rat anti–mouse CD11b and rabbit anti–mouse CD68 or rat anti–mouse Mac3
and mouse anti–human IL-17 antibodies (all at a 1:100 dilution) followed by incubation with
Alexa Fluor 568–conjugated goat anti-rat and Alexa Fluor 488–conjugated goat anti-rabbit
or Alexa Fluor 488–conjugated goat anti-rat and Alexa Fluor 568–conjugated goat anti-
mouse secondary antibodies, respectively. The sections were observed with a Zeiss inverted
microscope (Zeiss AxioObserver.Z1; type, LD plan-Neofluar; Magnification at 10X/NA 0.4
or 40X/NA 0.6), and the fluorescence images were captured with a Zeiss AxioCam MRm
camera with the microscope operating and Image Analysis Software AxioVision 4.7.2 (Carl
Zeiss Imaging Solutions GmbH). The fluorescence intensities were measured with Nikon
NIS-Elements software version AR 3.1.

Statistical analysis
All the experiments were performed three times and data are presented as means ± the
standard deviation (SD). Statistical differences between untreated and treated samples were
analyzed with the Student t test; P <0.05 was considered statistically significant. In the case
of RT-PCR and Western blotting assays, histochemistry, immunohistochemistry, and
immunofluorescence staining, one representative set of data is shown. In the case of
experiments with mice, each group consists of 6 animals.
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Fig 1. 15(S)-HETE stimulates the migration and adhesion of THP1 cells
(A to D) Effects of various HETEs on the migration and adhesion of THP1 cells. (A and C)
The migration of THP1 cells in response to vehicle (Control) or the indicated HETE (0.1
μM) was measured by the modified Boyden chamber method. (B and D) Quiescent THP1
cells were treated with vehicle (Control) or the indicated HETE (0.1 μM) for 1 hour, labeled
with 10 μM BCECF-AM for 30 min, overlaid onto a monolayer of quiescent HUVECs, and
incubated for 2 hours. Adherent cells were determined by measuring fluorescence intensity.
(E and F) The migration and adhesion of THP1 cells were measured as described for (A) to
(D) in response to the indicated doses of 15(S)-HETE. Data are means ± SD from three
independent experiments. *P < 0.01 versus control.
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Fig 2. The 15(S)-HETE–stimulated migration and adhesion of THP1 cells require ROS
production
(A to D) THP1 cells were treated with (A to C) vehicle (Control) or 0.1 μM 15(S)-HETE for
the indicated times or with (D) vehicle (Control) or 0.1 μM 15(S)-HETE in the absence or
presence of 100 μM apocynin, 10 μM DPI, or 100 μM allopurinol for 1 hour. (A and D)
ROS production, (B) NADPH oxidase activity, and (C) xanthine oxidase (XO) activity were
measured. (E) Left: THP1 cells were transfected with control, p47Phox-specific, or XO-
specific ASOs (100 nM). Forty-eight hours later, the abundances of p47Phox and XO were
analyzed by Western blotting and were normalized to that of β-tubulin. Right: Forty-eight
hours after transfection, quiescent cells were treated with vehicle or 0.1 μM 15(S)-HETE for
1 hour before being analyzed for ROS production. (F to I) Left panels: THP1 cells were
treated with vehicle (empty bars) or 0.1 μM 15(S)-HETE (filled bars) in the presence or
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absence of the indicated inhibitors before being analyzed for (F) migration, (G) adhesion,
(H) XO activity, and (I) NADPH oxidase activity. Right panels: THP1 cells transfected with
control ASO or the indicated ASOs were treated with vehicle (empty bars) or 0.1 μM 15(S)-
HETE (filled bars) before being analyzed for (F) migration, (G) adhesion, (H) XO activity,
and (I) NADPH oxidase activity. (J) Top: Whole-cell lysates of vehicle-treated THP1 cells
or THP1 cells that were treated with 0.1 μM 15(S)-HETE for the indicated times were
analyzed by Western blotting with antibodies against the indicated proteins. Bottom: THP1
cells were transfected with the indicated ASOs and allowed to rest before being treated with
15(S)-HETE for 1 hour and then were analyzed by Western blotting with antibodies against
the indicated proteins. Data in (A) to (I) are means ± SD from three independent
experiments. *P < 0.01 versus control; **P < 0.01 versus 15(S)-HETE. Western blots in (J)
are from one experiment and are representative of three independent experiments.
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Fig 3. 15(S)-HETE stimulates NADPH oxidase and xanthine oxidase activities and ROS
production in mouse peritoneal macrophages and enhances their migration and adhesion
(A to C) Quiescent mouse peritoneal macrophages were treated with vehicle (Control) or 0.1
μM 15(S)-HETE for the indicated times before being analyzed for (A) NADPH oxidase
activity, (B) XO activity, and (C) ROS production. (D) The migration of quiescent
macrophages in response to vehicle (Control) or 0.1 μM 15(S)-HETE was measured by the
modified Boyden chamber method. (E) Quiescent macrophages were treated with vehicle
(Control) or 0.1 μM 15(S)-HETE for 1 hour, labeled with 10 μM BCECF-AM for 30 min,
overlaid onto a monolayer of quiescent mouse endothelial cells, and incubated for 2 hours.
Adherent cells were determined by measuring fluorescence intensities. Data are means ± SD
from three independent experiments. *P < 0.01 versus control.
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Fig 4. Syk and Pyk2 mediate the 15(S)-HETE–dependent migration and adhesion of THP1 cells
(A) Whole-cell lysates of vehicle-treated THP1 cells or of cells treated with 0.1 μM 15(S)-
HETE for the indicated times were analyzed by Western blotting with antibodies against the
indicated proteins. Bar graph shows densitometric analysis of the fold-increase in the
abundance of pSyk, pSrc and pPyk2 at the indicated times of 15(S)-HETE treatment
compared to that in vehicle-treated cells. (B) THP1 cells were pretreated with vehicle, 10
μM BAY61-3606, or 5 μM PF431396 for 30 min before being treated with 0.1 μM 15(S)-
HETE and then analyzed for migration (left) and adhesion (right) as described earlier. (C)
Top: Western blotting analysis of the effects of Syk- and Pyk2-specific ASOs on their
targets. Bottom: THP1 cells transfected with the indicated ASOs and allowed to rest were
treated with vehicle or 0.1 μM 15(S)-HETE before being analyzed for migration and
adhesion. (D) Left: THP1 cells were treated with vehicle or 0.1 μM 15(S)-HETE in the
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absence or presence of the indicated inhibitors for 1 hour and then were analyzed by
Western blotting with antibodies specific for the indicated proteins. Right: THP1 cells
transfected with the indicated ASOs were allowed to rest before being treated with vehicle
or 0.1 μM 15(S)-HETE for 1 hour and then were analyzed by Western blotting with
antibodies against the indicated proteins. Bar graph shows densitometric analysis of the fold-
increase in the abundance of pSyk and pPyk2 for each condition compared to that in vehicle-
treated cells. (E) Inhibition or knockdown of Syk or Pyk2 reciprocally affects their 15(S)-
HETE–dependent phosphorylation. THP1 cells treated with the indicated inhibitors (top) or
transfected with the indicated ASOs (bottom) were treated with vehicle or 0.1 μM 15(S)-
HETE before being analyzed by Western blotting with antibodies against the indicated
proteins. (F) THP1 cells treated with vehicle (Control) or with 0.1 μM 15(S)-HETE for the
indicated times were subjected to immunoprecipitation (IP) with anti-Pyk2 or anti-Syk
antibodies, and the immunoprecipitates were analyzed by Western blotting (IB) with
antibodies specific for Syk or Pyk2. Data in (A) to (D) are means ± SD from three
independent experiments. *P < 0.01 versus control; †P < 0.01 versus 15(S)-HETE. Western
blots are from one experiment and are representative of three independent experiments.
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Fig 5. MAPKs mediate the 15(S)-HETE–dependent migration and adhesion of THP1 cells
(A) Whole-cell lysates of vehicle-treated THP1 cells (Control) or of THP1 cells treated with
0.1 μM 15(S)-HETE for the indicated times were analyzed by Western blotting with
antibodies specific for the indicated proteins. Bar graph shows densitometric analysis of the
fold-increase in the abundance of pErk1/2, pJnk1/3 and pp38MAPK at the indicated times of
15(S)-HETE treatment compared to that in vehicle-treated cells. (B) THP1 cells were
pretreated for 30 min with vehicle, 30 μM PD098059, 10 μM SP600125, or 10 μM
SB203580 before being treated with vehicle or 0.1 μM 15(S)-HETE and then being
analyzed for migration (left) and adhesion (right). (C and D) THP1 cells were treated with
the indicated inhibitors or were transfected with the indicated ASOs before being treated
with vehicle or 0.1 μM 15(S)-HETE for 1 hour. Whole-cell lysates were then analyzed by
Western blotting with antibodies specific for the total and phosphorylated forms of the
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indicated MAPK proteins, p47Phox, XO, Syk, and Pyk2. β-tubulin was used as a loading
control. Bar graph shows densitometric analysis of the fold-increase in the abundance of
pErk1/2, pJnk1/3 and pp38MAPK for each condition compared to that in vehicle-treated
cells. Western blots are from one experiment and are representative of three independent
experiments. Data in bar graphs are means ± SD from three independent experiments. *P <
0.01 versus control; †P < 0.01 versus 15(S)-HETE.
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Fig 6. CREB mediates the 15(S)-HETE–dependent migration and adhesion of THP1 cells
(A) Whole-cell lysates of vehicle-treated THP1 cells or of THP1 cells treated with 0.1 μM
15(S)-HETE for the indicated times were analyzed by Western blotting with antibodies
against the indicated proteins. (B) THP1 cells transfected with control ASO or CREB-
specific ASOs were treated with vehicle or 0.1 μM 15(S)-HETE for 1 hour before
undergoing Western blotting analysis with antibodies against the indicated proteins (top), or
being analyzed for migration (middle) or adhesion (bottom). (C and D) THP1 cells
transfected with control ASO or with ASOs specific for (C) the indicated oxidases or (D) the
indicated kinases were allowed to rest after transfection before they were treated with
vehicle or 0.1 μM 15(S)-HETE for 1 hour. Whole-cell lysates were analyzed by Western
blotting with antibodies specific for the indicated proteins. Bar graph shows densitometric
analysis of the fold-increase in the abundance of pCREB normalized to that of total CREB
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for each condition compared to that in vehicle-treated cells transfected with control ASO.
(E) THP1 cells were treated with vehicle or 0.1 μM 15(S)-HETE in the absence or presence
of the indicated inhibitors for 1 hour before being analyzed by Western blotting with
antibodies against the indicated proteins. Bar graph shows densitometric analysis of the fold-
increase in the abundance of pCREB normalized to that of total CREB for each condition
compared to that in vehicle-treated cells. Western blots are from one experiment and are
representative of three independent experiments. Data in bar graphs are means ± SD from
three independent experiments.*P < 0.01 versus control; **P < 0.01 versus 15(S)-HETE.
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Fig 7. IL-17A mediates the 15(S)-HETE–stimulated migration and adhesion of THP1 cells
(A) THP1 cells were treated with vehicle or 0.1 μM 15(S)-HETE for the indicated times and
then were analyzed by RT-PCR to determine the abundances of mRNAs for IL-11, IL-17,
TNF-α, and β-actin. (B) Whole-cell lysates of vehicle-treated THP1 cells or of THP1 cells
treated with 0.1 μM 15(S)-HETE for the indicated times were analyzed by Western blotting
to determine the abundance of IL-17 protein. Bar graph shows densitometric analysis of the
fold-increase in the abundance of IL-17 protein normalized to that of β-tubulin for the
indicated times of 15(S)-HETE treatment compared to that in vehicle-treated cells. (C)
THP1 cells were treated with vehicle (Control) or the indicated concentrations of IL-17A
before being analyzed for migration (top) and adhesion (bottom). (D) THP1 cells were
pretreated with normal immunoglobulin G (IgG) or neutralizing antibody (Nab) against
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IL-17A before being treated with IL-17A (20 ng/ml, left) or 0.1 μM 15(S)-HETE (right) and
then being analyzed for migration (top) or adhesion (bottom). (E and F) THP1 cells were
transfected with control ASO or with ASOs specific for (E) the indicated oxidases or (F) the
indicated kinases before being rested and then treated with vehicle or 15(S)-HETE for 2
hours. Whole-cell lysates were then analyzed by Western blotting with antibodies against
the indicated proteins. Bar graphs show densitometric analysis of the fold-increase in the
abundance of IL-17 protein normalized to that of β-tubulin for each condition compared to
that in vehicle-treated cells transfected with control ASO. (G) THP1 cells were treated with
vehicle or 0.1 μM 15(S)-HETE in the absence or presence of the indicated inhibitors for 2
hours before being analyzed by Western blotting with antibodies against the indicated
proteins. Bar graph shows densitometric analysis of the fold-increase in the abundance of
IL-17 protein normalized to that of β-tubulin for each condition compared to that in vehicle-
treated cells. (H) THP1 cells were transfected with control or CREB-specific ASOs, rested,
and then treated with vehicle or 0.1 μM 15(S)-HETE for 2 hours before being analyzed by
Western blotting with antibodies against the indicated proteins. Bar graph shows
densitometric analysis of the fold-increase in the abundance of IL-17 protein normalized to
that of β-tubulin for each condition compared to that in vehicle-treated cells transfected with
control ASO. Western blots are from one experiment and are representative of three
independent experiments. Data in bar graphs are means ± SD from three independent
experiments.*P < 0.01 versus control; **P < 0.01 versus 15(S)-HETE.
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Fig 8. Loss of 12/15-LO inhibits diet-induced, CREB-dependent IL-17A production in
macrophages, and attenuates their migration and adhesion
(A and B) ApoE−/− mice and ApoE−/−:12/15-LO−/− mice were fed a high-fat diet for 8
weeks. Peritoneal macrophages were then isolated and were subjected to (A) migration and
adhesion assays or (B) were lysed and assayed for ROS production, NADPH oxidase
activity, and XO activity. (C) Whole-cell lysates of peritoneal macrophages isolated from
the indicated mice described in (A) were analyzed by Western blotting with antibodies
specific for the indicated proteins. β-tubulin was used as a loading control. (D) IL-17A and
IL-10 concentrations in the plasma of the indicated mice described in (A) were measured by
ELISA. (E) ROS abundances in atherosclerotic lesions were determined by staining
cryosections of aortic roots isolated from the indicated mice described in (A) with DHE (to
detect the superoxide anion) and H2DCFDA (to detect H2O2) and measuring fluorescence
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intensities. The left panel shows images of the sections and the right panels show pooled
data based on the fluorescence intensities. (F) Atherosclerotic lesions were assessed by Oil
Red O-staining of cryosections of the aortic roots isolated from the indicated mice described
in (A) and measuring the lesion areas. The left panel shows images of the sections and the
right panel shows pooled data based on the staining intensities. (G) The extent of
recruitment of monocytes in atherosclerotic lesions were examined by immunofluorescence
staining of the cryosections described in (E) for CD11b and CD68. (H) The recruitment of
macrophages in atherosclerotic lesions were examined by immunostaining of the
cryosections described in (E) for Mac3. (I) Double immunofluorescence staining of the
cryosections described in (E) for IL-17A (red) and Mac3 (green). The bar-graphs represent
IL-17A abundance in the lesion, IL-17A-positive area in the lesion, Mac3-positive area in
the lesion and the lesion area positive for both IL-17A and Mac3 in high-fat diet-fed
ApoE−/− and ApoE−/−:12/15-LO−/− mice. *P < 0.01 versus ApoE−/− mice (n = 6 mice per
group).
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