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Aortic dissection is a life-threatening aortopathy involving
separation of the aortic wall, whose underlying mechanisms are
still incompletely understood. Epidemiological evidence sug-
gests that unsaturated fatty acids improve cardiovascular health.
Here, using quantitative RT-PCR, histological analyses, mag-
netic cell sorting and flow cytometry assays, and MS-based
lipidomics, we show that the activity of a lipid-metabolizing
enzyme, secreted phospholipase A2 group V (sPLA2-V), protects
against aortic dissection by endogenously mobilizing vasopro-
tective lipids. Global and endothelial cell–specific sPLA2-V–de-
ficient mice frequently developed aortic dissection shortly after
infusion of angiotensin II (AT-II). We observed that in the
AT-II–treated aorta, endothelial sPLA2-V mobilized oleic and
linoleic acids, which attenuated endoplasmic reticulum stress,
increased the expression of lysyl oxidase, and thereby stabilized
the extracellular matrix in the aorta. Of note, dietary supple-
mentation with oleic or linoleic acid reversed the increased
susceptibility of sPLA2-V–deficient mice to aortic dissection.
These findings reveal an unexplored functional link between
sPLA2-driven phospholipid metabolism and aortic stability,
possibly contributing to the development of improved diag-
nostic and/or therapeutic strategies for preventing aortic
dissection.

Aortic dissection is a life-threatening condition that is caused
by a tear in the intimal layer of the aorta or bleeding within the
aortic wall, leading to the separation of the layers of the aortic
wall. Two-thirds of such cases involve dissection of the thoracic
ascending aorta, which is highly lethal (10–35%) even if emer-
gency surgery can be performed at specialist centers (1–3).
Although a key pathologic feature of aortic dissection is fragility
of the aortic medial wall (3), the underlying mechanisms are
still incompletely understood. Given that such dissection
occurs suddenly without preceding clinical signs and that cur-
rent treatment strategies are limited mainly to antihypertensive
agents, biomarkers that can predict fragility and/or therapeutic
targets for stabilization of the aortic wall are needed to improve
patient outcomes (1–3).

Although there are only limited opportunities for examining
the pathogenesis of aortic dissection in patients who are seen
after onset, several recent investigations using animal models
have improved our understanding of the pathophysiology of
this condition. It has been shown that aortic dissection can be
induced by infusion of angiotensin II (AT-II), which raises
blood pressure, into mice with an ApoE2/2 genetic back-
ground, which develop extensive atherosclerosis characterized
by an unusual plasma lipid profile (4, 5). However, considering
that aortic dissection in humans is not accompanied by typical
atherosclerotic plaques in many cases (6), studies of aortic dis-
section using ApoE2/2 mice as a model system might not nec-
essarily reflect all of the potential mechanisms, especially in
terms of lipidmetabolism.
Two main mechanisms underlying medial fragility of the

aortic wall have been proposed: extracellular matrix (ECM)
degradation and inflammation, where matrix metalloprotei-
nases (MMPs) and pro-inflammatory cytokines contribute to
the onset and severity of aortic dissection (3, 7). In humans, sev-
eral ECM-related genes, such as TGFB1,ACTA2, and COL3A1,
are associated with aortic dissection (3). Mutations in LOX
(encoding lysyl oxidase (LOX), which is involved in cross-link-
ing of the ECM proteins elastin and collagen) are also corre-
lated with the condition, dissections of the thoracic ascending
aorta being most common in affected patients (3, 8, 9). Indeed,
administration of b-aminopropionitrile (BAPN), a LOX inhibi-
tor; genetic deletion of tenascin-C, an ECM glycoprotein; or
prolonged treatment with GM-CSF, a pro-inflammatory cyto-
kine, in combination with AT-II infusion is able to induce vari-
ous degrees of aortic dissection even in the absence ofApoE de-
letion (7, 10–12). Interestingly, a recent clinical study involving
individuals with higher cardiovascular risks showed that the
incidences of major cardiovascular events including aortic rup-
ture were lower among those assigned to a Mediterranean diet
supplemented with extra-virgin olive oil, which abundantly
contains oleic acid (OA) and to a lesser extent linoleic acid
(LA), than those assigned to a reduced-fat diet (12), suggesting
a potentially beneficial role of these unsaturated fatty acids on
cardiovascular health. However, considering that aortic dissec-
tion is an uncommon disease with a low incidence (5–30 cases/
1 million people/year), the number of patients with this partic-
ular disease found in that study (12) might be too low to
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precisely evaluate the efficacy of the OA/LA-rich diet on the
disease conditions.
As well as being supplied exogenously as nutrients, unsatu-

rated fatty acids are largely stored in membrane phospholipids
and can be spatiotemporally released by phospholipase A2

(PLA2) enzymes. Among the PLA2 enzymes identified to date,
the secreted PLA2 (sPLA2) family comprises the largest sub-
group, containing 10 catalytically active isoforms. Individual
sPLA2s show distinct tissue distributions and substrate prefer-
ences, thereby participating in diverse biological events in
response to microenvironmental cues (13). sPLA2s have been
implicated in cardiovascular diseases, including atherosclerosis
and aortic aneurysm, as the plasma levels of group IIA sPLA2

(sPLA2-IIA), a prototypic inflammatory sPLA2, are correlated
with atherosclerotic diseases (14–16), and genetic deletion of
several sPLA2s or treatment with varespladib, a pan-sPLA2 in-
hibitor that broadly inhibits sPLA2s in the group I/II/V/X
branch, ameliorates atherosclerosis or aortic aneurysm in mice
(17–22), although conflicting evidence also exists (23). Impor-
tantly, a phase III clinical trial employing varespladib for treat-
ment of patients with cardiovascular diseases failed to demon-
strate efficacy and in fact suggested an increased level of risk
(24), raising the possibility that some sPLA2s may have a pro-
tective rather than detrimental role in vascular diseases. Thus,
the precise roles of sPLA2s and underlying lipid metabolism in
aortic diseases remain controversial, and no report has exam-
ined the contributions of sPLA2s to aortic dissection.
In our continuing efforts to clarify the biological roles of

sPLA2s using various sPLA2-knockout mouse strains in combi-
nation with comprehensive lipidomics (25–27), we herein
show that mice lacking group V sPLA2 (sPLA2-V), which
releases OA and LA preferentially (28, 29), frequently develop
dissection in the thoracic ascending aorta, a feature that resem-
bles aortic dissection in humans, shortly after AT-II infusion.
sPLA2-V is the major sPLA2 isoform expressed in aortic endo-
thelial cells (ECs), releasing OA and LA in response to AT-II
stimulation and protecting against acute dissection of the tho-
racic ascending aorta in a manner dependent upon LOX-de-
pendent ECM stabilization. We also show that the increased
incidence of aortic dissection by endothelial sPLA2-V defi-
ciency could be rescued by dietary supplementation with OA
or LA, providing a rationale for the beneficial role of these fatty
acids for cardiovascular health.

Results

Expression of sPLA2s in endothelial cells

Quantitative RT-PCR revealed that, among the nearly full set
of sPLA2s, Pla2g2d, Pla2g2e, Pla2g3, and Pla2g5 (encoding
sPLA2-IID, -IIE, -III, and -V, respectively) were substantially
expressed in the aorta of C57BL/6 mice (male, 8–12 weeks old),
Pla2g5 showing the highest expression (Fig. 1A). The expres-
sion level of Pla2g5 in the aorta was almost equivalent to that in
the heart (Fig. 1B), a tissue previously shown to express this
sPLA2 most abundantly (30, 31). The expression levels of
Pla2g5 in anatomically distinct aortas, including thoracic
ascending, thoracic descending, and abdominal aortas, were
almost equal (Fig. S1A). Pla2g5 was also expressed in the infe-

rior vena cava, where its expression level was less than half of
that in the aortas (Fig. S1A). Immunohistochemical analysis
showed that sPLA2-V protein was localized mainly in the EC
lining of the aorta (Fig. 1C) as well as in the myocardium (Fig.
S1B) in Pla2g51/1 mice, whereas its staining was absent in
Pla2g52/2 mice. To address the aortic expression of sPLA2-V
further, we isolated ECs from aortic tissues using anti-CD31
magnetic beads (Fig. 1D). Consistent with the immunohisto-
chemistry (Fig. 1C), Pla2g5 was expressed almost exclusively in
the CD31-positive EC fraction (Fig. 1E). In contrast, the expres-
sion of Pla2g2d and Pla2g3 in the CD31-positive EC fraction
was far lower than that of Pla2g5, and that of Pla2g2e was dis-
tributed mainly in the CD31-negative non-EC fraction (Fig.
1E). Thus, sPLA2-V is the major sPLA2 expressed in aortic ECs
in mice. As in mouse ECs, PLA2G5 was the most abundant
sPLA2 isoform in human ECs (Fig. S1C), where its expression
level was higher than that in human vascular smooth muscle
cells (VSMCs) and fibroblasts (Fig. S1D).
Following AT-II infusion into mice (the procedure is illus-

trated schematically in Fig. 1F), the aortic expression of Pla2g5
mRNA as well as mRNAs for the other three sPLA2s (Pla2g2d,
Pla2g2e, and Pla2g3) declined over 24–48 h (Fig. 1G). Confocal
immunofluorescence microscopy confirmed that, prior to AT-
II infusion, sPLA2-V protein was distributed mainly in aortic
ECs, being colocalized with the signature EC marker CD31, in
Pla2g51/1mice but not in Pla2g52/2mice (Fig. 1H). Even after
48 h of AT-II infusion, at which time Pla2g5mRNA expression
was reduced (Fig. 1G), sPLA2-V protein was still present in the
EC lining (Fig. 1H). Interestingly, the aortic staining of sPLA2-V
was nearly abolished after infusion of heparin into the circula-
tion (Fig. 1H), suggesting that sPLA2-V, a heparin-binding
sPLA2 (32), is largely retained on the luminal surface of the aor-
tic endothelium through association with heparan sulfate
proteoglycans.
Consistent with the reduced Pla2g5 expression in the aortas

of AT-II–infused mice (Fig. 1G), the expression of PLA2G5 in
human aortas obtained by curative resection from six patients
with aortic dissection, all of whom had undergone aortic
replacement, was significantly lower in dissecting sites than in
nondissecting sites (Fig. 1I). Immunohistochemical analysis of
the nondissecting site of a patient, where the histology of the
aortic wall was maintained, showed that sPLA2-V protein was
localized mainly in ECs, which were also positive for CD31 in a
serial section (Fig. 1J). Precise evaluation of sPLA2-V immuno-
staining in the dissecting site was difficult because of the col-
lapsed histology. Nonetheless, expression of PLA2G5 was
reduced in cultured human ECs after stimulation for 24 h with
AT-II in a dose-dependent manner (Fig. S1E). Thus, although
sPLA2-V mRNA expression in ECs is decreased after AT-II
treatment in both mice and humans, its protein expression is
maintained on EC surfaces likely through binding to heparan
sulfate proteoglycans.

Increased AT-II–induced thoracic aortic dissection in
Pla2g52/2 mice

To clarify the roles of sPLA2s in the pathophysiology of aortic
dissection, we studied mice with knockout of the four sPLA2s
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Figure 1. Expression of sPLA2s in the aortas ofmice and humans. A, expression of sPLA2mRNAs relative toGapdh in the aorta ofWT C57BL/6 mice (n = 4). B,
expression of Pla2g5 in various tissues of WT mice (n = 4). C, immunohistochemistry of sPLA2-V in the aorta of Pla2g51/1 and Pla2g52/2 mice. Arrows, positive
staining of sPLA2-V. Scale bars, 100mM. D, flow cytometry of CD31-positive/negative cells fromWTmouse aorta. E, expression of sPLA2 mRNAs of CD31 positive/
negative cells fromWTmouse aorta (n = 3). F, schematic procedure of AT-II infusion into mice using subcutaneously implanted osmotic pumps. G, time course
of the expression of sPLA2 mRNAs in WT mouse aorta after AT-II infusion (n = 4). H, immunofluorescence of sPLA2-V (green) and CD31 (magenta) with DAPI
(blue) in the aorta of Pla2g51/1 and Pla2g52/2 mice with or without AT-II infusion for 48 h. The rightmost panels represent the staining of Pla2g51/1 aorta after
AT-II infusion, following perfusion with heparinized saline through the left ventricle before extraction. Arrows indicate positive staining of sPLA2-V. Scale bars, 20
mM. I, expression of PLA2G5 in nondissecting or dissecting site of human aorta (n = 6). **, p, 0.01 by unpaired t test. J, a representative section of human aorta
stainedwith HE and immunohistochemistry of the serial sectionswith control IgG (Ctrl), anti-CD31 antibody, or anti-sPLA2-V antibody. A boxed area ismagnified
on the right. Arrows, positive staining. Scale bars, 100mM. Data are presented asmean6 S.E. (error bars) of the indicated number (n) of biological replicates.
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that had been detected in the aorta. AT-II infusion has com-
monly been used to trigger aortic dissection in mice; however,
these models typically require prolonged exposure to AT-II
(.4 weeks) or use of elderly mice (.7 months old) or athero-
sclerosis-prone ApoE2/2 mice, and the dissection takes
place in the abdominal or thoracic descending, rather than tho-
racic ascending, aorta (4, 5, 33). Surprisingly, we found that
Pla2g52/2 mice, even at a young age (8–12 weeks old), fre-
quently developed aortic dissection after exposure to AT-II for
a shorter period. Thus, when subjected to AT-II infusion only
for 7 days, nearly half of Pla2g52/2 mice suffered from aortic
dissection, which occurred mainly in the thoracic ascending
aorta and often extended to the aortic arch (Fig. 2A). Some of
the Pla2g52/2 mice died within 3 days due to rupture of the
thoracic aorta, which was confirmed by an immediate autopsy
showing intrathoracic hematoma accompanied by a tear of the
aortic arch (Fig. 2B). Under the same conditions, only a few
WT mice displayed a sign of aortic dissection, and none of
them suffered sudden death due to aortic rupture. Histological
examination of the lesions revealed dissection of the aortic wall
with formation of intramural hematoma (as assessed by hema-
toxylin and eosin (HE) staining) and disruption ofmedial elastic
fibers (as assessed by Elastica van Gieson (EVG) staining) in
Pla2g52/2 mice (Fig. 2C). Thus, on day 7, the incidence of aor-
tic dissection including rupture reached 44% (11 of 25) in
Pla2g52/2 mice, whereas few or no aortic lesions were evident
in Pla2g2d2/2, Pla2g2e2/2, Pla2g32/2, or their littermate WT
mice (Fig. 2D and Fig. S2 (A–C)). Although hypertension is a
main causal factor for aortic dissection and rupture, systolic
and diastolic blood pressures as well as heart rates were simi-
larly elevated in both Pla2g51/1 and Pla2g52/2 mice after 2
days of AT-II infusion (Fig. 2E), indicating that the increased
incidence of aortic dissection caused by Pla2g5 deficiency was
due to a mechanism other than elevated blood pressure.
To elucidate the mechanism underlying the increased sus-

ceptibility of Pla2g52/2 mice to aortic dissection, we analyzed
gene expression in the aortic tissues after 48 h of AT-II infu-
sion, a time point just prior to dissection onset. Quantitative
RT-PCR analysis of a panel of genes implicated in aortic stabil-
ity, vascular remodeling, and inflammation showed that the
AT-II–induced up-regulation of LoxmRNA, encoding a proto-
typic LOX that catalyzes the cross-linking of ECM proteins and
thereby strengthens the aortic stability (34), was significantly
attenuated in the aorta of Pla2g52/2mice relative to Pla2g51/1

mice (Fig. 3A). In contrast, expression of mRNAs for other
LOX family members (LOX-like proteins; encoded by Loxl1–4)
and vascular remodeling markers (Mmp2, Mmp9, Acta2,
Col1a1, Col3a1, and Tgfb1) was similar between Pla2g51/1 and
Pla2g52/2 mice (Fig. 3A). The increased expression of pro-
inflammatory cytokines (Il1b, Il6, and Tnf) in response to AT-II
challenge was also not affected by Pla2g5 deficiency (Fig. 3A).
Kinetic studies showed that the aortic expression of Lox in
Pla2g51/1 mice increased gradually over 48 h during AT-II
infusion, whereas this response was significantly attenuated in
Pla2g52/2 mice (Fig. 3B). AT-II–induced increases in aortic
LOX protein expression (both the pro- and mature forms)
(Figs. 3, C and D) and its activity (Fig. 3E) were also reduced in
Pla2g52/2 mice relative to Pla2g51/1 mice. Moreover, eleva-

tion of the insoluble/soluble collagen ratio, which reflects an
increase of collagen cross-linking by LOX, after AT-II infusion
was lower in Pla2g52/2 mice than in Pla2g51/1 mice (Fig. 3F).
After 48 h of AT-II infusion, immunofluorescence analysis
using two different anti-LOX antibodies showed that LOX pro-
tein was increased mainly in medial VSMC layers beneath the
CD31-positive EC layer in Pla2g51/1mice, whereas the AT-II–
induced LOX staining was attenuated in Pla2g52/2 mice (Fig.
3G and Fig. S2D). These results suggest that Pla2g5 deficiency
leads to aortic fragility due, at least in part, to reduced LOX
induction in VSMCs and thereby insufficient ECM stability.
Moreover, quantitative RT-PCR analysis using the aorta of aor-
tic dissection patients (including samples of both dissecting
and nondissecting sites) showed a positive correlation between
PLA2G5 and LOX expressions (Fig. 3H), implying human rele-
vance. In contrast, aortic MMP activities as assessed by gelatin
zymography were similar between Pla2g51/1 and Pla2g52/2

mice under both sham and AT-II infusion conditions (Figs. S2,
E and F), suggesting that gelatinases, which can promote
ECM degradation, did not profoundly affect the underlying
phenotype.
Administration of BAPN, an inhibitor of LOX as well as its

homologs LOXL1–4, into mice blocks ECM cross-linking
within the vascular wall to trigger aortic dissection (35).
Among the LOXmembers, LOX is themajor isoform that is re-
sponsible for ;80% of total LOX activity in aortic VSMCs
(36). Indeed, even without AT-II infusion, treatment with
BAPN alone led to decreased survival of both Pla2g51/1 and
Pla2g52/2 mice over 2–4 weeks due to aortic rupture (Fig. S3,
A–C). Moreover, in the presence of BAPN, AT-II–induced dis-
section and rupture of the thoracic and abdominal aortas
occurred similarly in both genotypes (Fig. S3, D–F), where the
systolic and diastolic blood pressures as well as heart rates were
similarly elevated in both Pla2g51/1 and Pla2g52/2 mice after
AT-II infusion (Fig. S3G). Thus, the increased aortic instability
in Pla2g52/2 mice relative to Pla2g51/1 mice was bypassed if
LOXwas pharmacologically inactivated, further supporting the
notion that LOX may work downstream of sPLA2-V to facili-
tate cross-linking of the ECM and thereby contribute to protec-
tion from aortic dissection.

Increased aortic dissection in EC-specific Pla2g5-null mice

To ascertain whether sPLA2-V expressed in ECs is indeed re-
sponsible for aortic stability, mice carrying a floxed allele of
Pla2g5 (Pla2g5flox/flox) were crossed with Tie2-Cre transgenic
(Tg) mice to obtain mice lacking sPLA2-V selectively in ECs
(Pla2g5flox/flox; Tie2-Cre) (Fig. 4A). Expression of Pla2g5 in the
aorta was blunted almost completely in Pla2g5flox/flox; Tie2-Cre
mice compared with control Pla2g5flox/flox mice (Fig. 4B), con-
firming that Cre-mediated recombination efficiently ablated
Pla2g5 expression in ECs. Pla2g5 expression was also reduced
by about 40% in the heart (Fig. 4B), probably because of its spe-
cific ablation in coronary arterial ECs, but not in other cells
such as cardiomyocytes (37). Importantly, as in the case of
global Pla2g52/2 mice (Fig. 3), Pla2g5flox/flox; Tie2-Cre mice
developed dissection of the thoracic aorta more frequently than
control Pla2g5flox/flox mice within 7 days after the start of AT-II
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administration (Fig. 4, C and D). In addition, the induction of
LOX at the mRNA (Fig. 4E), protein (Figs. 4, F and G), and ac-
tivity (Fig. 4H) levels in the aorta after 48 h of AT-II infusion
was significantly attenuated in Pla2g5flox/flox; Tie2-Cre mice rela-
tive to Pla2g5flox/flox mice. Expression levels of neither other LOX
family members, vascular remodelingmarkers, nor inflammatory
markers were affected by Pla2g5 deficiency (Fig. 4E and Fig. S4).
After 48 h of AT-II infusion, immunofluorescence analysis

showed that LOX protein was increased mainly in medial VSMC
layers beneath the CD31-positive EC layer in Pla2g5flox/flox mice,
whereas the AT-II–induced LOX staining was attenuated in
Pla2g5flox/flox; Tie2-Cre mice (Fig. 4I). Thus, EC-specific deletion
of sPLA2-V largely recapitulates its global deficiency. Taken to-
gether, these results suggest that sPLA2-V expressed in ECs has a
protective role against AT-II–induced aortic dissection at least
partly through increased expression of LOX in the aortic tissue.

Figure 2. Increased AT-II-induced thoracic aortic dissection in Pla2g52/2mice. A, representative thoracic aortas of Pla2g51/1 and Pla2g52/2mice after
7 days of AT-II infusion or sham control. Arrows indicate aortic dissection with intramural hematoma. Scale bars, 1 mm. B, representative intrathoracic
hematoma and ruptured thoracic aorta of a Pla2g52/2mouse after 3 days of AT-II infusion. Scale bars, 1 mm. C, representative sections of the thoracic
aorta of Pla2g51/1 and Pla2g52/2mice stained with HE or EVG. Arrows indicate intramural hematoma, and arrowheads indicate dissection of the aortic
wall accompanied by elastin fragmentation. Scale bars, 100 mM. Boxes are magnified on the right. D, incidence of thoracic aortic dissection or rupture
in Pla2g52/2 (n = 25), Pla2g2d2/2 (n = 10), Pla2g2e2/2 (n = 8), Pla2g32/2 (n = 8), and littermate WT mice within 7 days of AT-II infusion. **, p, 0.01 by
Fisher’s exact test. E, systolic blood pressure (BP), diastolic blood pressure, and heart rate (HR) of Pla2g51/1 and Pla2g52/2 mice with or without AT-II
infusion for 2 days (n = 8). **, p, 0.01; ns, not significant by two-way ANOVA with Tukey’s multiple-comparison test. Data are presented as mean6 S.
E. of the indicated number (n) of biological replicates.

EDITORS' PICK: sPLA2-V prevents aortic dissection

10096 J. Biol. Chem. (2020) 295(30) 10092–10111

https://www.jbc.org/cgi/content/full/RA120.013753/DC1


EDITORS' PICK: sPLA2-V prevents aortic dissection

J. Biol. Chem. (2020) 295(30) 10092–10111 10097



Altered lipid profiles in Pla2g52/2mice after AT-II infusion

Because sPLA2-V is a phospholipase, we reasoned that the
aortic protection by sPLA2-V may involve some lipids mobi-
lized by this enzyme. To identify such lipids (fatty acids, lyso-
phospholipids, and their metabolites) that are potentially mobi-
lized by sPLA2-V in mouse aorta, we performed lipidomics
analysis by LC coupled with electrospray ionization-tandem
MS (ESI-MS/MS) using aortic tissues after 12 h of AT-II infu-
sion, at which time Pla2g5 expression was still high (Fig. 1G)
and Lox expression was apparently increased (Fig. 3B) in
Pla2g51/1mice.
A heat map summary of overall changes in free fatty acids,

lysophospholipids, and their metabolites is shown in Fig. 5
(A–C), and quantitative values of the representative metabo-
lites are shown in Fig. 5 (D–G). We found that OA (18:1) and
LA (18:2) were markedly elevated in the aorta of Pla2g51/1

mice following AT-II challenge, whereas these increases
occurred only minimally in that of Pla2g52/2 mice (Figs. 5, A
and D). Among the highly unsaturated fatty acids (HUFAs),
including arachidonic acid (AA; 20:4), eicosapentaenoic acid
(EPA; 20:5), and docosahexaenoic acid (DHA; 22:6), which
were much less abundant than OA and LA, AAwas also signifi-
cantly reduced in AT-II–infused Pla2g52/2 mice relative to
Pla2g51/1 mice (Fig. 5, A and D). Likewise, several lysophos-
pholipid species, including lysophosphatidylcholine (LPC),
lysophosphatidylethanolamine (LPE) and to a lesser extent
lysophosphatidic acid (LPA), lysophosphatidylinositol (LPI),
and lysophosphatidylserine (LPS), all of which had an unsatu-
rated or monounsaturated fatty acyl chain representing typical
PLA2 reaction products, were also elevated in AT-II-treated
Pla2g51/1 mice, whereas these changes of lysophospholipids
were substantially lower in Pla2g52/2 mice (Fig. 5, B and E).
Although aortic expression of Pla2g4a (encoding cytosolic
PLA2a (cPLA2a), a central regulator of AA release) was
increased following AT-II infusion, it was not affected by the
absence of sPLA2-V (Fig. S5A). These results suggest that
sPLA2-V mobilizes OA and LA (and to a much lesser extent
AA) from phosphatidylcholine (PC) and phosphatidylethanol-
amine (PE) in AT-II–stimulated, rather than unstimulated, aor-
tic cells, being apparently consistent with the properties of this
enzyme already reported in several other systems (28, 29, 38).
Plasma levels of fatty acids and lysophospholipids were not
affected by Pla2g5 deficiency regardless of AT-II infusion (Fig.
S5, B and C). Among the HUFA metabolites, AT-II treatment
increased the aortic production of several AA metabolites and
related eicosanoids, among which only prostaglandin E2 (PGE2)
was significantly lower in Pla2g52/2 mice than in Pla2g51/1

mice (Fig. 5, C and F). In addition, lipoxin A4 (LXA4, an anti-
inflammatory AA metabolite), as well as several metabolites in

the 12/15-lipoxygenase pathway (12- and 15-hyrdroxytetrae-
noic acids (HETEs)), tended to be increased in AT-II–infused
Pla2g52/2 mice relative to Pla2g51/1 mice (Fig. 5, C and G),
with concomitant increases in the expression of Alox12 and
Alox15 (encoding 12- and 15-lipoxygenases, respectively) (Fig.
S5D), which might reflect a secondary effect of aortic altera-
tions caused by Pla2g5 deficiency.
We also monitored plasma lipoproteins and exosomes,

whose phospholipids are potential targets of sPLA2-V, in
Pla2g51/1 and Pla2g52/2 mice. Although sPLA2-V alters the
lipoprotein profile by cleaving OA- or LA-containing PC in
LDL after its induction in hypertrophic adipocytes during obe-
sity (28), the lipoprotein composition under normal dietary
conditions was unaffected by Pla2g5 deficiency regardless of
AT-II infusion (Fig. S5E). AT-II infusion increased the protein
content and the number of plasma exosomes and decreased
their sizes (Fig. S6, A–C). Although sPLA2-V is capable of
hydrolyzing microvesicle membranes in vitro (39), plasma exo-
somes (in terms of protein content, number, and size) did not
differ significantly between Pla2g51/1 and Pla2g52/2 mice
regardless of AT-II infusion (Fig. S6, A–C). Specifically, AT-II
treatment increased various PE species and some PA species in
plasma exosomes (Fig. S6, D–H). However, none of the phos-
pholipid species (PC, PE, PA, PI, and PS) in plasma exosomes
was affected by Pla2g5 deficiency with or without AT-II infu-
sion (Figs. S6,D–H). It is thus likely that, in the context of aortic
dissection, sPLA2-V retained on the endothelium hydrolyzes
phospholipids mainly in membranes of AT-II-activated (or
damaged) ECs, rather than those in circulating lipoproteins
and exosomes, to release OA and LA.

OA and LA stabilize the aortic wall by up-regulating LOX
expression

To address whether sPLA2-V–driven fatty acids or their
metabolites could affect LOX expression, we utilized human
umbilical vein ECs (HUVECs) and human aortic VSMCs in cul-
ture. Consistent with the results of immunohistochemistry
(Fig. 3G and Fig. S3A), LOX mRNA was mainly expressed in
VSMCs, rather than in ECs, regardless of AT-II stimulation
(Fig. 6A). LOX expression in VSMCs was increased;4-fold af-
ter stimulation for 24 h with TGFb1, a fibrogenic factor that is
known to induce LOX (40) (Fig. 6B), whereas LOX expression
in ECs was very low even after stimulation with TGFb1 (Fig.
6B) or AT-II (Fig. 6A). Importantly, LOX expression in VSMCs
was increased after culture with the conditioned medium of
AT-II–stimulated but not control ECs, whereas this response
was suppressed by a PLA2G5-specific siRNA, which blocked
PLA2G5 expression in ECs (Fig. 6,C andD), or by the sPLA2 in-
hibitor varespladib (Fig. 6E). Although AT-II has been shown

Figure 3. Decreased LOX expression and function in aorta of AT-II–infused Pla2g52/2mice. A, mRNA expression of LOX family members, vascular remod-
eling markers, and pro-inflammatory cytokines in the aortas of Pla2g51/1 and Pla2g52/2 mice with or without AT-II infusion for 48 h (n = 4–5). B, time course
of LoxmRNA expression in the aortas of Pla2g51/1 and Pla2g52/2 mice after AT-II infusion (n = 3–8). Shown are immunoblotting of LOX protein, with GAPDH
as an internal control (C), densitometric analysis of mature LOX protein relative to GAPDH (n = 3) (D), LOX activity (n = 4–5) (E), and insoluble/soluble collagen
ratio (n = 3–4) (F) in the aortas of Pla2g51/1 and Pla2g52/2mice with or without AT-II infusion for 48 h. *, p, 0.05; **, p, 0.01; ns, not significant by two-way
ANOVA with Tukey’s multiple-comparison test. Data are presented as mean 6 S.E. (error bars) of the indicated number (n) of biological replicates (A, B, D, E,
and F). G, immunofluorescence of aortas of Pla2g51/1 and Pla2g52/2 mice with or without AT-II infusion for 48 h using control IgG (Ctrl), anti-LOX antibody
(green), and anti-CD31 antibody (magenta) with DAPI (blue). Scale bars, 20 mM. H, correlation of PLA2G5 and LOX expression in human aorta (n = 12). Pearson
correlation (r value) and statistical significance (p value) are indicated.
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to activate cPLA2a (41, 42) and cross-talks between sPLA2-V
and cPLA2a in both directions have been reported (43–45), the
increased LOX expression in VSMCs after culture with the con-

ditioned medium of AT-II–stimulated ECs was not suppressed
by AACOCF3, a cPLA2a inhibitor (Fig. 6F), implying that EC-
derived sPLA2-V contributes to LOX induction in VSMCs
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independently of cPLA2a. Furthermore, in the presence of
TGFb1, OA and LA, two major fatty acids released by sPLA2-
V, dose-dependently augmented LOX expression in VSMCs
(Fig. 6G) and LOX activity in culture supernatant of VSMCs
(Fig. 6H), although these fatty acids alone were ineffective. The
LOX-inducing effect of OA or LA was more remarkable when
the cells were treated with a suboptimal concentration of
TGFb1 (Fig. 6I). We also found that TGFB1 was increased in
ECs, but not in VSMCs, after stimulation for 24 h with AT-II
(Fig. 6J and Fig S7 (A and B)). In addition, TGFB1 was also
increased in VSMCs after stimulation with TGFb1 itself (Fig.
6K). It is thus likely that AT-II stimulation of ECs induces
TGFb1, which in turn increases LOX and TGFb1 expression in
VSMCs in paracrine and autocrine manners. However, the
expression of TGFB1 induced in both ECs and VSMCs (after
stimulation with AT-II or TGFb1, respectively) was not
affected by OA or LA (Fig. 6, J and K).
In contrast to treatment of VSMCs with OA and LA, that

with AA, EPA, or DHA decreased, rather than increased, the
basal and TGFb1-induced expression of LOX (Fig. S7C). Of the
AA metabolites that were significantly altered in Pla2g52/2

mice (Fig. 5, F andG), PGE2 suppressed both basal and TGFb1-
induced LOX expression, whereas LXA4 had no effect (Fig.
S7D). The two major sPLA2-V–driven lysophospholipids, LPC
and LPE, had no effect on the basal and TGFb1-induced LOX
expression in VSMCs (Fig. S7, E and F). Collectively, OA and
LA, rather than HUFA metabolites and lysophospholipids,
have the ability to increase TGFb1-driven LOX expression in
VSMCs. This again argues against the involvement of cPLA2a,
which mobilizes AA selectively (41, 42), in the sPLA2-V action
in this situation.
In search of other factors that could affect sPLA2-V expres-

sion in ECs, we found that PLA2G5 was markedly up-regulated
by TNFa, but not by VEGF (Fig. 6L). However, in the process of
aortic dissection, the expression of Tnf was elevated (Fig. 3A),
whereas that of Pla2g5was conversely decreased (Fig. 1G), after
AT-II treatment. Therefore, it appears that there is no causal
relationship between TNFa and sPLA2-V in this disease. Con-
ceivably, TNFa-induced sPLA2-V expressionmay occur during
atherosclerosis, where the expressions of both sPLA2-V and
TNFa are increased in the lesions (46).
It has been reported that TGFb1 increases LOX expression

through Smad and MAPK signaling (40). Indeed, phosphoryla-
tion of Smad2, Smad3, and p38MAPKwas increased in VSMCs
after stimulation with TGFb1, yet the addition of OA or LA did
not influence their phosphorylation levels (Fig. S7G). As an al-
ternative signaling pathway, TGFb1 has the capacity to induce
endoplasmic reticulum (ER) stress (47), and unsaturated fatty

acids attenuate ER stress in general (48). Notably, the induction
of various ER stress markers, including Bip protein (Fig. 6, M
andN) as well as BIP,ATF4,CHOP, ERdj4, EDEM1, and PDIA2
mRNAs (Fig. S7H), after stimulation for 24 h with TGFb1 was
significantly reduced byOA or LA supplementation.
ER stress has been reported to induce the expression of the

transcription factor GATA3 (49), which has an inhibitory effect
on LOX expression (50). Indeed, expression of GATA3 was
induced in VSMCs after stimulation for 24 h with TGFb1 (Fig.
6O). This TGFb1-induced expression of GATA3 was reduced
by the addition of OA or LA, and this reduction was reversed
by the addition of thapsigargin (TGN), another ER stress in-
ducer, although TGN alone did not affect the baseline level of
GATA3 expression (Fig. 6O). In the presence of TGFb1, TGN
canceled the LOX-inducing effect of OA and LA (Fig. 6P). Fur-
thermore,GATA3-specific siRNAs, but not a nonsilencing con-
trol siRNA, which reduced both the baseline and the TGFb1-
induced GATA3 expression (Fig. 6Q), reciprocally increased
the TGFb1-induced LOX expression (Fig. 6R). These results
suggest that suppression of ER stress by OA or LA attenuates
the induction of GATA3, thereby promoting the expression of
LOX (Fig. 6S).
To address whether the action of OA or LA would be medi-

ated by fatty acid receptors, such as the nuclear receptor
PPARg and the G protein–coupled receptor GPR40/120, we
examined the effects of their synthetic agonists (rosiglitazone
(RSG) and GW9508, respectively) on LOX expression in
VSMCs. Unlike OA and LA (see above), the PPARg and
GPR40/120 agonists failed to increase the basal and TGFb1-
induced expression of LOX (Figs. S7, I and J), suggesting that
the action of OA and LA is independent of these fatty acid
receptors.

Increased susceptibility of Pla2g52/2mice to aortic dissection
is rescued by OA- or LA-rich diet

Finally, to examine whether exogenous supply of OA and LA
could alter the sensitivity of Pla2g52/2mice to aortic dissection
in vivo, Pla2g52/2 mice fed an olive oil–rich diet (containing a
high level of OA) or corn oil–rich diet (containing a high level
of LA) for 2 weeks were subjected to AT-II infusion. Plasma lev-
els of OA and/or LA, but not other fatty acids such as 16:0
(palmitic acid), 18:0 (stearic acid), 20:4 (AA), 20:5 (EPA), and
22:6 (DHA), were increased equally in both Pla2g51/1 and
Pla2g52/2 mice fed an olive oil–rich or corn oil–rich diet com-
pared with those fed a normal chow diet (Fig. S8A). Although
LDL has been reported to down-regulate LOX (51), there were
no differences in plasma levels of LDL and high-density lipo-
protein, which were increased after feeding of an olive oil– or

Figure 4. Increased aortic dissection in EC-specific Pla2g5-null mice. A, schematic procedure for generation of EC-specific Pla2g5-null mice. B, expression
of Pla2g5mRNA relative to Gapdh in the aorta and heart of control (f/f) and EC-specific Pla2g5-null (f/f Tie2-Cre) mice (n = 4). C, representative thoracic aortas of
control and EC-specific Pla2g5-null mice after 7 days of AT-II infusion. Arrows indicate aortic dissection with intramural hematoma. Scale bars, 1 mm. D, inci-
dence of thoracic aortic dissection or rupture in control (n = 14) and EC-specific Pla2g5-null (n = 17) mice within 7 days of AT-II infusion. E, mRNA expression of
Lox, vascular remodeling markers (Mmp2, Acta2, and Tgfb1), and pro-inflammatory cytokine (Tnf) in the aortas of control and EC-specific Pla2g5-null mice with
or without AT-II infusion for 48 h (n = 4–6). Shown are immunoblot analysis of LOX protein, with GAPDH as an internal control (F), densitometric analysis of
mature LOX protein relative to GAPDH (n = 3) (G), and LOX activity (n = 4) (H) in the aortas of control and EC-specific Pla2g5-null mice with or without AT-II infu-
sion for 48 h. I, immunofluorescence of aortas of control and EC-specific Pla2g5-null mice with or without AT-II infusion for 48 h using control IgG (Ctrl) or anti-
LOX antibody (green) and anti-CD31 antibody (magenta) with DAPI (blue). Scale bars, 20 mm. *, p, 0.05; **, p, 0.01; ns, not significant by two-way ANOVA (B,
E, G, and H) and by Fisher’s exact test (D). Data are presented as mean6 S.E. (error bars) of the indicated number (n) of biological replicates.
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Figure 5. Altered lipid profiles in Pla2g52/2 mice after AT-II infusion. A–C, heat map representation of LC-ESI-MS/MS profiling of fatty acids (A), lysophos-
pholipids (B), and lipid mediators (C) in the aortas of Pla2g51/1 and Pla2g52/2 mice with or without AT-II infusion for 12 h. -Fold changes relative to sham
Pla2g51/1 are represented by color (n = 6–7). D–G, LC-ESI-MS/MS of unsaturated fatty acids (D), lysophospholipids (E), and HUFA-derived lipid mediators (F
and G) presented as pmol/mg of tissue dry weight (n = 6–7). *, p, 0.05; **, p,0.01; ns, not significant by two-way ANOVA followed by Tukey’s multiple-com-
parison test. Data are presented asmean6 S.E. (error bars) of the indicated number (n) of biological replicates.
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corn oil–rich diet, between both genotypes (Fig. S8B). Notably,
under these conditions, Pla2g52/2 mice fed an olive oil– or
corn oil–rich diet were fully protected from aortic dissection

(Figs. 7, A and B). Furthermore, although aortic expression of
Lox was lower and that of Gata3 was higher in Pla2g52/2 mice
than in Pla2g51/1mice when a normal chow diet was supplied,
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the expression of both in Pla2g52/2 mice was fully restored to
levels similar to those in Pla2g51/1 mice after the olive oil– or
corn oil–rich diet was supplied (Fig. 7, C and D). In contrast,
Pla2g52/2 mice fed a cholesterol-rich, pro-atherogenic West-
ern diet were as susceptible as those fed a chow diet to AT-II–
induced aortic dissection (Fig. 7, A and B). Interestingly, aortic
expression of Pla2g5was increased in mice fed an olive oil–rich
diet relative to those fed a chow diet (Fig. 7E), implying a feed-
forward amplification loop of the sPLA2-V-OA pathway for the
aortic stability. These findings collectively suggest that dietary
supplementation of OA or LA could rescue the increased sus-
ceptibility of Pla2g52/2 mice to aortic dissection. Taken to-
gether, we conclude that aortic sPLA2-V preferentially mobi-
lizes OA and LA, which stabilize the extracellular matrix in the
aortic wall by augmenting the AT-II–induced up-regulation of
LOX, thereby exerting a protective effect against aortic dissec-
tion (Fig. 7F).

Discussion

Because of the paucity of preceding clinical signs (except for
hypertension) and high mortality associated with aortic dissec-
tion and rupture, effective biomarkers that can predict aortic
fragility and/or therapeutic targets for stabilization of the aortic
wall are needed to mitigate against this life-threatening disease.
However, the mechanisms underlying aortic dissection have
remained obscure, largely due to the lack of a suitable animal
model that mimics the pathology of this disease in humans. It is
generally recognized that a Mediterranean diet is beneficial for
cardiovascular health (12, 52). Olive oil, a key component of the
Mediterranean diet, contains abundant OA, which has been
proposed to be associated with reduced risks of cardiovascular
disease andmortality (53), although understanding of the bene-
ficial effect of this monounsaturated fatty acid is still incom-
plete. Herein, as a part of our ongoing attempts to clarify the bi-
ological roles of sPLA2s using various sPLA2-knockout mouse
strains, we have demonstrated for the first time that OA as well
as LA, mobilized endogenously from phospholipids by endo-
thelial sPLA2-V, plays a crucial role in stabilization of the aortic
wall, thereby protecting against aortic dissection.
Previous studies have shown that sPLA2-V is expressed in

cardiomyocytes, IL-4–driven M2 macrophages, bronchial epi-
thelial cells, and obesity-associated adipocytes, where it plays

offensive or protective roles in myocardial infarction, athero-
sclerosis, asthma, and diet-induced obesity in accordance with
disease contexts (17, 19, 28, 29, 43, 54). sPLA2-V is also report-
edly expressed in both mouse and human ECs (46, 55), and we
have confirmed here that sPLA2-V is indeed distributed almost
exclusively in CD31-positive ECs within the aortic tissue, the
expression level being far higher than those of other sPLA2s.
Thus, in addition to acting as a “metabolic sPLA2” or an “asth-
matic (or Th2-prone) sPLA2” (28, 43), sPLA2-V can be regarded
as a major “endothelial sPLA2” that controls vascular homeo-
stasis and disease.
Reportedly, several (if not all) sPLA2s, including sPLA2-V, ex-

hibit significant affinity for heparan sulfate proteoglycans on
cell surfaces in vitro (32, 56), although in vivo evidence for this
event has been lacking. We have demonstrated here that
sPLA2-V is retained on the luminal surface of the aortic endo-
thelium and washed out after infusion of heparinized saline
into the circulation, providing the first in vivo evidence for the
heparin-binding behavior of sPLA2-V. This view is reminiscent
of sPLA2-IIA, another heparin-binding sPLA2 that is also
released from heparan sulfate proteoglycans on EC surfaces
into the circulation in heparinized patients (57). We previously
reported that a heparin-binding sPLA2, which is immunoreac-
tive with an anti-sPLA2-IIA antibody, is expressed in HUVECs
(58), and based on the expression profile of sPLA2s in ECs both
in vivo and in vitro, it is likely that this heparin-binding sPLA2

is attributed to sPLA2-V rather than sPLA2-IIA. Moreover, our
results suggest that sPLA2-V retained on aortic ECs mobilizes
OA and LA from phospholipids (PC and PE) in AT-II–infused,
but not AT-II–untreated, aortic cells in the process of aortic
dissection, which also appears to be consistent with in vitro evi-
dence that several sPLA2s, including sPLA2-V, act preferen-
tially on the membranes of activated or damaged, rather than
resting, cells (32, 56). In fact, the release of OA and LA by
sPLA2-V in aortic tissue is compatible with that in adipose tis-
sue during diet-induced obesity (28) and in lung tissue during
asthmatic inflammation (29) and is also consistent with the in
vitro finding that it mobilizes OA from cultured cells (38).
Thus, beyond the discovery of a novel role of this particular
sPLA2 in the aorta, our present study has provided a rationale
for the action mode of sPLA2 in an in vivo setting. Although
sPLA2-V has the capacity to hydrolyze phospholipids in

Figure 6. OA and LA attenuate ER stress and increase LOX expression in VSMCs. A, the expression of LOX relative to GAPDH in ECs and VSMCs treated for
24 h with or without AT-II (100 nM) (n = 4). B, the expression of LOX relative to GAPDH in ECs and VSMCs treated for 24 h with or without TGFb1 (5 ng/ml) (n =
4). C, expression of PLA2G5 in ECs that were pretreated with PLA2G5-specific siRNA or nonsilencing negative control siRNA and then treated for 24 h with or
without AT-II (n = 4). D–F, expression of LOX in VSMCs treated for 24 h with the supernatant (sup) of ECs. D, ECs were pretreated with a PLA2G5-specific or con-
trol siRNA and then treated for 24 h with or without AT-II (n = 4). E, ECs were treated for 24 h with or without AT-II in the presence or absence of 100 nM vares-
pladib, a pan-sPLA2 inhibitor (n = 4). F, ECs were treated for 24 h with or without AT-II in the presence or absence of 10mM AACOCF3, a cPLA2a inhibitor (n = 3).
G, effect of OA or LA on the expression of LOX relative to GAPDH in VSMCs treated for 24 h with or without TGFb1 (n = 3). H, LOX activity in supernatant of
VSMCs treated for 24 h with or without TGFb1 in the presence or absence of OA or LA (100 mM) (n = 4). I, expression of LOX in VSMCs treated for 24 h with or
without TGFb1 (0.2–5 ng/ml) in the presence or absence of OA or LA (100 mM) (n = 4). J, expression of TGFB1 relative to GAPDH in ECs treated for 24 h with or
without AT-II (100 nM) in the presence or absence of OA or LA (100 mM) (n = 4). K, expression of TGFB1 in VSMCs treated for 24 h with or without TGFb1 (5 ng/
ml) in the presence or absence of OA or LA (100mM) (n = 4). L, expression of PLA2G5 in ECs treated for 24 h with or without TNFa (10 ng/ml) or VEGF (10 ng/ml)
(n = 4). Shown are immunoblot analysis of Bip protein, with GAPDH as an internal control (M), and densitometric analysis of Bip protein relative to GAPDH (n =
4) (N) in VSMCs treated for 24 h with or without TGFb1 in the presence (1) or absence (2) of OA or LA (100 mM). O and P, effect of OA or LA on the expression
of GATA3 (O) or LOX (P) in VSMCs treated for 24 h with or without TGFb1 in the presence or absence of TGN (10 nM) (n = 3).Q and R, mRNA expression ofGATA3
(Q) and LOX (R) in VSMCs that were pretreated with GATA3-specific siRNAs (#1 and #2) or control siRNA and then treated for 24 h with or without TGFb1 (n = 4).
S, a schematic summary of ECM stabilization by OA or LA in VSMCs. Whereas TGFb1 induces LOX expression through canonical signaling pathways, it also
induces ER stress leading to up-regulation of GATA3, which prevents LOX expression as a counter-regulatory arm. OA and LA counteract this process by
attenuating TGFb1-induced ER stress. *, p ,0.05; **, p ,0.01; ns, not significant by one-way ANOVA followed by Tukey’s multiple-comparison test. Data are
presented asmean6 S.E. (error bars) of the indicated number (n) of biological replicates.
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Figure 7. Exogenous supply of OA and LA protects against aortic dissection in Pla2g52/2 mice. A, representative photographs of thoracic aortas in
Pla2g51/1 and Pla2g52/2 mice fed a normal chow diet, a Western diet, an olive oil–rich diet, or a corn oil–rich diet after 7 days of AT-II infusion. Arrows, aortic
dissection with intramural hematoma. Scale bars, 1 mm. B, incidence of thoracic aortic dissection or rupture in Pla2g51/1 and Pla2g52/2 mice fed a normal
chow diet (n = 25), a Western diet (n = 8–11), an olive oil–rich diet (n = 8), or a corn oil–rich diet (n = 8) within 7 days of AT-II infusion. C and D, mRNA expression
of Lox (C) and Gata3 (D) in the aortas of Pla2g51/1 and Pla2g52/2mice after AT-II infusion for 48 h fed normal chow, an olive oil–rich diet, or a corn oil–rich diet
(n = 6–8). *, p , 0.05; **, p , 0.01; ns, not significant by two-way ANOVA followed by Tukey’s multiple-comparison test. E, Pla2g5 expression in the aorta of
Pla2g51/1mice fed a normal chow or an olive oil–rich diet (n = 3). **, p, 0.01 by unpaired t test. Data are presented asmean6 S.E. (error bars) of the indicated
number (n) of biological replicates. F, schematic diagram of the roles of endothelial sPLA2-V in aortic stabilization. sPLA2-V is a major sPLA2 isoform expressed
in aortic ECs and is largely retained on the luminal surface of the aortic endothelium likely through binding to heparan sulfate proteoglycans. Endothelial sPLA2-V
acts on membrane phospholipids of AT-II–activated ECs to mobilize OA and LA, which in turn promote AT-II–induced up-regulation of LOX that facilitates ECM
cross-linking, thereby stabilizing the aortic wall. Impairment of this sPLA2-V–driven lipid pathway leads to increased susceptibility to aortic dissection.
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lipoproteins and microvesicles (e.g. exosomes) (28, 39), it is
likely that the OA and LA released by sPLA2-V are derived
mainly from the membranes of AT-II–activated ECs, because
blood cells and plasma in the aortic lumen were flushed out
before sample preparation and because there were no altera-
tions in lipid compositions in plasma lipoproteins and exo-
somes in PLA2g52/2 mice under the experimental conditions
employed here. Nonetheless, the possibility that a minor frac-
tion of these unsaturated fatty acids is liberated from lipopro-
teins and/or exosomes by endothelial sPLA2-V cannot be fully
ruled out and needs further elucidation. It is also possible that
certain lipid molecules other than OA and LA would be addi-
tionally involved in the sPLA2-V action.
LOX-mediated ECM stabilization plays a protective role

against acute aortic dissection (35). Reportedly, LOX expres-
sion is promoted by fibrogenic factors such as TGFb1 (40),
whereas this process is counter-regulated by the transcription
factor GATA3 (50). We have shown here that OA and LA,
which are preferentially released by sPLA2-V, attenuate ER
stress, eventually leading to down-regulation of GATA3 and
thereby up-regulation of LOX, thus revealing a functional
interplay between phospholipid metabolism and ECM stabili-
zation through the action of the endothelial sPLA2. Consider-
ing that ECM stabilization is also important for the prevention
of atherosclerotic plaque rupture, a major trigger of myocardial
infarction (59, 60), the present finding that sPLA2-V contrib-
utes to the stabilization of aortic ECM might account, at least
partly, for the unfavorable result of the phase III clinical trial of
varespladib, a pan-sPLA2 inhibitor, which failed to show effi-
cacy for the treatment of patients with cardiovascular diseases
and in fact increased the risk of myocardial infarction (24). Spe-
cifically, whereas varespladib prevented atherosclerosis and an-
eurysm in animal models (19), it would increase the risk of aor-
tic dissection through inhibiting sPLA2-V and thus destabilize
the vascular wall. Nonetheless, as varespladib inhibits various
sPLA2 isoforms in the group I/II/V/X branch (14–16), we do
not rule out the possibility that this agent might have blocked
another cardioprotective sPLA2 isoform(s) or even another tar-
get(s) unrelated to sPLA2 in the clinical study.
In contrast to our present study, Boyanovsky et al. (21)

previously reported that sPLA2-V promotes (rather than pre-
vents) abdominal aortic aneurysm and rupture in response to
AT-II infusion in mice with an ApoE2/2 genetic background.
ApoE2/2mice develop aortic dissectionmainly in the supra-re-
nal region of the abdominal aorta, where atherosclerotic lesions
with chronic inflammation are evident at the origin of the celiac
and mesenteric arteries as early as 6–8 weeks of age, and this
may be followed by suprarenal abdominal aortic dissection in
response to AT-II infusion (4, 5). Rosengren et al. (46) reported
that sPLA2-V is localized in macrophages and VSMCs in the
atherosclerotic regions of ApoE- and Ldlr-double knockout
mice. Conceivably, under the abnormal lipid profile and vascu-
lar inflammation resulting from ApoE or Ldlr deficiency (61,
62), the pro-inflammatory effects of some lipid metabolites
driven by sPLA2-V distributed in different cell types might
become predominant, masking the protective effect of OA and
LA mobilized by endothelial sPLA2-V, although details of the
underlying mechanism require further elucidation. Impor-

tantly, dissection is generally more common in the ascending
aorta than in other aortic regions in humans, probably because
of continuous exposure to the systolic jet from the left ventricle
(3), which was also observed in our Pla2g52/2mouse model. In
this regard, administration of AT-II to Pla2g52/2 mice, inde-
pendently of ApoE deletion, can be regarded as a groundbreak-
ing mouse model of aortic dissection, having considerable
potential for screening of effective treatments and/or diagnos-
tic markers of this condition. Interestingly, regardless of the dif-
ferent outcomes of aortic rupture, Boyanovsky et al. also
reported that sPLA2-V increases the collagen content of
atherosclerotic lesions (18), an event that seems to corroborate
the LOX-inducing effect of sPLA2-V demonstrated in the pres-
ent study, again implying the ECM-stabilizing function of
sPLA2-V.
We have previously shown that sPLA2-V has an offensive,

rather than protective, role in a model of myocardial ischemia-
reperfusion injury (43). In that model, the coronary artery is
artificially ligated to induce myocardial injury. However, con-
sidering the pathological situation, myocardial infarction is
induced by the occlusion due to plaque rupture in the coronary
artery. The plaque rupture could be suppressed by the sPLA2-
V-LOX axis that may stabilize the fibrous cap (extracellular
matrix) of the plaque. In the ischemia-reperfusion model, how-
ever, the protective effect of the sPLA2-V-LOX axis may be
bypassed by the artificial ligation of the coronary artery. Also,
in the ischemia-reperfusion model, the contribution of sPLA2-
V expressed abundantly in cardiomyocytes and possibly in
macrophages to the disease should be taken into account.
Last, it appears that our present findings have some relation-

ships with previous studies describing the potential roles of
sPLA2s in cardiovascular homeostasis and diseases. Bernatchez
et al. (63) reported that sPLA2-V is expressed in HUVECs and
involved in the synthesis of platelet-activating factor (a lyso-
phospholipid-derivedmediator) in response to VEGF, although
we failed to observe the induction of sPLA2-V by VEGF, and
the role of sPLA2-V in platelet-activating factor generation dur-
ing aortic dissection remains to be elucidated. Consistent with
our present study, Sonoki et al. demonstrated that sPLA2-V is
induced by TNFa and produces LPC in HUVECs (64) and also
showed that an AT-II blocker inhibits TNFa-induced sPLA2-V
expression (65). It seems unlikely, however, that there is a func-
tional interplay between sPLA2-V and TNFa in aortic dissec-
tion, as described here. It has been shown that sPLA2-IIA,
when transgenically overexpressed in macrophages, induces
collagen deposition in the atherosclerotic plaque (66), that AT-
II induces the expression of sPLA2-IIA in VSMCs (67), and that
sPLA2-IIA activates the LOX-mediated collagen pathway in
myofibroblasts in the process of cardiac remodeling (68). These
findings may indicate some functional redundancy between
sPLA2-V and -IIA in the context of cardiovascular disorders,
although aortic dissection, arteriosclerosis, and cardiac remod-
eling are essentially different pathologies, and a direct compari-
sonmay not be appropriate.
In summary, our present study has revealed a novel lipid-

driven mechanism controlling aortic stability, perturbation of
which can be linked to aortic fragility and dissection. Central to
this, sPLA2-V plays a novel physiological role as a specific
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sPLA2 expressed spatiotemporally in aortic ECs by endoge-
nously mobilizing the unsaturated fatty acids OA and LA as
critical regulators of aortic LOX expression and thereby ECM
stabilization. Our findings provide valuable insights into the
functional link between phospholipid metabolism and aortic
stabilization, thus contributing to the future development of
novel diagnostic and/or therapeutic strategies for aortic dissec-
tion. Furthermore, our study might open a potential mecha-
nism underlying the beneficial impact of the olive oil–rich (i.e.
OA-rich)Mediterranean diet on cardiovascular health. Because
there has been no clinical evidence for the relationship between
corn oil–rich (i.e. LA-rich) diet and aortic dissection, the actual
effect of corn oil–rich diet on this disease in humans should be
carefully investigated in a future study.

Experimental procedures

Mice

Pla2g52/2, Pla2g2d2/2, and Pla2g2e2/2 mice, backcrossed
onto a C57BL/6 background for more than 12 generations,
were described previously (25, 28, 43). Heterozygous Pla2g31/2

mice (C57BL/6 3 129Sv) were backcrossed to the C57BL/6
background for three generations, and then male and female
heterozygotes were intercrossed to obtain Pla2g32/2 mice and
littermate Pla2g31/1mice (25, 69). Mice expressing Cre recom-
binase under control of theTie2 gene promoter (Tie2-Cre trans-
genic mice) on the C57BL/6 background were purchased from
Jackson Laboratory. Mice with a floxed allele in the Pla2g5 gene
(Pla2g5flox/flox) (43) were crossed with Tie2-Cre Tg mice to gen-
erate EC-specific Pla2g5-null mice (Pla2g5flox/flox;Tie2-CreTg/1)
and their littermate controls (Pla2g5flox/flox; Tie2-Cre1/1) (Fig.
4A). In all experiments, only male mice from 8 to 12 weeks of
age (weight: 25–28 g) were used. All mice were housed in cli-
mate-controlled facilities at 25 °C with a 12-h light-dark cycle,
with free access to standard laboratory food (CE2, CLEA) and
water. All procedures were performed in accordance with
approvals from the institutional animal care and use commit-
tees of the University of Yamanashi, the Tokyo Metropolitan
Institute ofMedical Science, and the University of Tokyo.

Animal models

Acute aortic dissection inmice was induced by subcutaneous
infusion of AT-II (A9525, Sigma–Aldrich) for up to 7 days
using a micro-osmotic pump (1007D, Alzet). Mice were anes-
thetized with inhaled isoflurane, and then micro-osmotic
pumps were implanted through an incision in the midscapular
region under sterile conditions. AT-II was dissolved in PBS and
infused at 2 mg/kg/min. Sham animals underwent an identical
surgical procedure, except that osmotic pumps containing PBS
alone were implanted. As required, BAPN (A3134, Sigma–
Aldrich), a LOX inhibitor, was administered for 3 days prior to
AT-II treatment and continued for an additional 7 days concur-
rent with AT-II infusion. BAPNwas dissolved in drinking water
at a dose of 250 mg/100 ml or 500 mg/100 ml ad libitum. In
some experiments, 8-week-old male mice were fed an OA-rich,
LA-rich, or Western diet (Research Diets) for 2 weeks. The
compositions of these diets are given in Table S1. Mice were
observed at least twice a day, and an autopsy was performed im-

mediately if any mice died during AT-II infusion. To harvest
aortic tissues, mice were anesthetized with inhaled isoflurane,
and then the abdominal and thoracic cavities were opened ven-
trally. After perfusion with saline through the left ventricle of
the heart to remove blood, the aortic tissue was harvested care-
fully under a stereo microscope (SZ61, Olympus), as described
previously (22).

Measurement of blood pressure

Blood pressure in mice was measured by a noninvasive tail-
cuff method using a blood pressure device (BP-98A, Softron).
Mice went through daily sessions of unrecorded measurements
for several days to acclimate them to the procedure. Blood pres-
sure was recorded before and 2 days after AT-II administration.
For each mouse, an average of six consecutive measurements
were taken.

Quantitative RT-PCR

Total RNA was extracted from tissues or cells using TRIzol
reagent (Thermo Fisher Scientific). First-strand cDNA synthe-
sis was performed using a ReverTra Ace qPCR RT Kit
(Toyobo). PCRs were carried out using a TaqMan Gene
Expression System (Applied Biosystems) on the 7500 Real-
Time PCR System (Applied Biosystems). The probe and primer
sets used are listed in Table S2.

Histological analysis

Aortas from mice were fixed in 4% (w/v) paraformaldehyde
and embedded in paraffin, and then 5-mm-thick serial sections
were prepared for HE or EVG staining. Digital images were
acquired using a light microscope (BX41, Olympus).

Immunoblotting

Aortic tissues were isolated and homogenized in radioim-
mune precipitation buffer (Thermo Fisher Scientific) contain-
ing protease inhibitor mixture (Thermo Fisher Scientific) using
TissueLyser II (Qiagen) with 7-mm stainless beads (Qiagen).
The homogenates were centrifuged at 14,0003 g for 30 min at
4 °C, and the supernatants were collected for immunoblotting.
Tissue homogenates or cell lysates (10-mg protein equivalents)
were subjected to SDS-PAGE on 10% (w/v) gels under reducing
conditions. Protein concentrations were determined with a
Bradford assay kit (Thermo Fisher Scientific). The separated
proteins in the gels were electroblotted onto polyvinylidene di-
fluoride membranes with a semi-dry blotter (Trans-Blot-
Turbo, Bio-Rad). After blocking with polyvinylidene difluo-
ride–blocking reagent (NYPBR01, Toyobo), the membranes
were probed with primary antibodies at 1:2,000 dilution in Sig-
nal Enhancer HIKARI Solution A (02272-74, Nacalai Tesque)
at room temperature for 2 h. Primary antibodies used in this
study were as follows: rabbit antibody against LOX (ab174316)
was fromAbcam; rabbit antibody against Bip (#3177), p-Smad2
(#3108), Smad-2 (#5339), p-Smad3 (#9520), Smad3 (#9523), p-
p38 MAPK (#4511), p38 MAPK (#8690), p-Akt (#4056), Akt
(#9272), and GAPDH (#2118) were from Cell Signaling Tech-
nology. Then the membranes were then washed with TBS-T,
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followed by incubation with horseradish peroxidase–conju-
gated anti-rabbit IgG (NA934, GE Healthcare) at 1:20,000 dilu-
tion in Signal Enhancer HIKARI Solution B (02297-64, Nacalai
Tesque) for 1 h and then visualized using ECL Prime system
(RPN2236, GE Healthcare). Images were visualized by LAS-
4000 (GE Healthcare), and densitometric analysis was carried
out using ImageJ software (National Institutes of Health). The
whole blots are shown in Fig. S9.

Measurement of soluble/insoluble collagen

The amounts of soluble and insoluble (cross-linked) collagen
in aortic tissues were measured using a Sircol collagen assay kit
(S1000, S2000, Biocolor) in accordance with themanufacturer’s
protocol. Briefly, freeze-dried aortic tissues were weighed and
incubated in dilute acid/pepsin solution with rotation over-
night at 4 °C. The extracts were centrifuged, and the superna-
tants were collected as the cold acid/pepsin-soluble fraction.
The insoluble fraction was extracted by digestion in acid solu-
tion at 65 °C for 3 h. The amounts of soluble and insoluble colla-
gen were determined by a colorimetric reaction using Sircol
dye (Sirius red dye). Collagen cross-linking was assessed as the
ratio of insoluble to soluble collagen.

LOX activity assay

Aortic tissues were isolated and homogenized in 500 ml of 6
M urea in 0.02 M borate buffer (pH 8.0) using TissueLyser II
(Qiagen) with 7-mm stainless beads. The homogenates were
centrifuged at 14,000 3 g for 30 min at 4 °C, and the superna-
tants were collected for the LOX activity assay. The activity was
assessed using a lysyl oxidase activity assay kit (ab112139,
Abcam) in accordance with the manufacturer’s instructions
and expressed as relative fluorescence units/mg of protein.

Gelatin zymography

Gelatinase activity in aortic tissue lysates was determined
using a gelatin zymography kit (AK45, Primary Cell) in accord-
ance with themanufacturer’s instructions. Briefly, aortic tissues
were homogenized in radioimmune precipitation buffer (Thermo
Fisher Scientific) usingTissueLyser II with 7-mm stainless beads
and centrifuged at 14,0003 g for 30 min, and the supernatants
were collected for the assay. Total protein (2.5-mg equivalent)
was loaded onto gelatin-impregnated polyacrylamide gels and
electrophoresed under nonreducing conditions. Then the gels
were incubated in the enzymatic reaction buffer for 24 h at
37 °C. After incubation, the gels were stained with Coomassie
Brilliant Blue, and then destained in methanol/acetate solution.
The gels were scanned, and densitometric analysis was per-
formed using ImageJ software.

Immunohistochemistry

Mouse or human aortic tissues were, snap-frozen in OCT
compound and then sliced into 10-mm-thick sections. These
sections were fixed with 4% paraformaldehyde for 5 min and
then incubated with rabbit anti-sPLA2-V polyclonal antibody
(ab23709, Abcam), rabbit anti-LOX mAb (ab174316, Abcam),
rabbit anti-LOX polyclonal antibody (ab31238, Abcam), rat

anti-mouse CD31 mAb (550247, BD Biosciences), mouse anti-
human CD31 mAb (M0823, Agilent), or rabbit anti-human
sPLA2-V polyclonal antibody, which did not cross-react with
other sPLA2s (70), or control antibody overnight at 4 °C. The
sections were then treated with horseradish peroxidase–conju-
gated secondary antibody (Histofine Simple Stain MAX PO,
Nichirei Biosciences) and visualized with diaminobenzidine
(Vector Laboratory), followed by counterstaining with hema-
toxylin. For immunofluorescence, the sections treated with pri-
mary antibodies were incubated with secondary antibodies,
including goat anti-rabbit IgG conjugated with Alexa Fluor 488
and goat anti-rat IgG conjugated with Alexa Fluor 594 (Thermo
Fisher Scientific). Fluorescence images were acquired by a con-
focal microscope (FV-1000, Olympus).

Magnetic cell sorting (MACS) and flow cytometry analysis

Aortic tissues from five mice were excised, minced in Dul-
becco’smodified Eagle’s medium (DMEM) (Thermo Fisher Sci-
entific), and digested in 1mg/ml collagenase type II (Worthing-
ton) solution with shaking for 30 min at 37 °C. The cell
suspensions were then passed through 70-mm nylon cell
strainers (Corning), and the cells were washed with MACS
buffer (0.5% BSA and 2 mM EDTA in PBS). To isolate ECs,
CD31 MicroBeads (130-097-418, Miltenyi Biotec) were used in
accordance with the manufacturer’s protocol. RNA extracted
from the cells was taken for quantitative RT-PCR. For flow
cytometry analysis, the cells were stained with phycoerythrin-
conjugated anti-mouse CD31 antibody (130-102-608, Miltenyi
Biotec) and analyzed using a cell analyzer (EC800, Sony Bio-
technology). Dead cells were excluded using the viability dye
Zombie Aqua (eBioscience).

LC-ESI-MS/MS

All procedures were performed as described previously (25,
71, 72). In brief, for detection of fatty acid oxygenated metabo-
lites, lipids were extracted by using Sep-Pak C18 cartridges
(Waters). Tissues were soaked in 10 volumes of methanol and
homogenized with a Polytron homogenizer. After overnight
incubation at 220 °C, water was added to the homogenates to
give a final methanol concentration of 10% (v/v). The samples
in 10%methanol were applied to the cartridges, washed with 10
ml of hexane, eluted with 3 ml of methyl formate, dried under
N2 gas, and dissolved in 60% methanol. As internal standards
for determination of recovery, 50 pmol of d4-labeled PGE2
(Cayman Chemicals) was added to the samples. The analysis of
fatty acid metabolites was performed using a 4000Q-TRAP
quadrupole linear ion trap hybrid mass spectrometer (AB
Sciex) with reverse-phase LC (LC-30AD; Shimadzu) combined
with autosampler (SIL-30ACMP; Shimadzu). The sample was
applied to a Kinetex C18 column (2.13 150mm, 1.7-mm parti-
cle; Phenomenex) coupled for ESI-MS/MS. The samples
injected by the autosampler (10 ml) were directly introduced
and separated by a step gradient with mobile phase A (water
containing 0.1% acetic acid) and mobile phase B (acetonitrile/
methanol = 4:1 (v/v)) at a flow rate of 0.2 ml/min and a column
temperature of 45 °C.

EDITORS' PICK: sPLA2-V prevents aortic dissection

J. Biol. Chem. (2020) 295(30) 10092–10111 10107

https://www.jbc.org/cgi/content/full/RA120.013753/DC1


For detection of fatty acids, phospholipids, and lysophospho-
lipids, tissues were soaked in 10 volumes of 20 mM Tris-HCl
(pH 7.4) and then homogenized with a Polytron homogenizer.
Lipids were extracted by themethod of Bligh and Dyer (73) and
subjected to ESI-MS/MS using a 4000Q-TRAP and LC-30AD
with a Kinetex C18 column, as described previously (71). As an
internal standard, 50 pmol of d5-labeled EPA (Cayman Chemi-
cals), LPC (17:0), and PE (14:0-14:0) (Avanti Polar Lipids) were
added to each sample. The samples were separated by a step
gradient with mobile phase A (acetonitrile/methanol/water =
1:1:1 (v/v/v) containing 5 mM phosphoric acid and 1 mM ammo-
nium formate) and mobile phase B (2-propanol containing 5
mM phosphoric acid and 1 mM ammonium formate) at a flow
rate of 0.2ml/min at 50 °C.
Identification was conducted using multiple-reaction moni-

toring transition and retention times, and quantification was
performed based on peak area of the multiple-reaction moni-
toring transition and the calibration curve obtained using an
authentic standard for each lipid (Table S3) (27, 71).

Evaluation of circulating exosomes

Mouse plasma exosomes were isolated using a total exosome
isolation kit (4484450, Thermo Fisher Scientific) in accordance
with the manufacturer’s instructions. Analysis of particle num-
bers and sizes of plasma exosomes was performed by Theoria
Science using a NanoSight nanoparticle-tracking system.

Analyses of plasma lipoproteins

Analysis of mouse plasma lipoproteins was performed by
LipoSearch (Skylight Biotech).

Cell culture studies

HUVECs (EA.hy926), obtained from ATCC (CRL-2922),
were cultured in DMEM supplemented with 10% (v/v) fetal bo-
vine serum (FBS) and 50 mg/ml penicillin/streptomycin (P/S).
Human aortic VSMCs (T/G HA-VSMCs), obtained from
ATCC (CRL-1999), were cultured in Ham’s F-12K medium
(Thermo Fisher Scientific) supplemented with 10% FBS, 50 mg/
ml P/S, 0.05 mg/ml ascorbic acid, 0.01 mg/ml insulin, 0.01 mg/
ml transferrin, 10 ng/ml sodium selenite, and 0.03mg/ml endo-
thelial cell growth supplement (E2759, Sigma–Aldrich).
Human fibroblasts (WI-38), obtained from ATCC (CCL-75),
were cultured in DMEM supplemented with 10% FBS and 50
mg/ml P/S. For treatment, the cells were starved in serum-free
DMEM containing 0.5% (w/v) fatty acid–free BSA (015-23871,
Wako) for 24 h and then treated with or without 5 ng/ml
TGFb1, 10 ng/ml TNFa, or 10 ng/ml VEGF (all from R&D Sys-
tems) for 24 h. As required, the cells were treated with 1–100
mM OA, LA, AA, EPA, or DHA, 1 mM PGE2, 1 mM LXA4, 1–100
mM LPC (18:0), or 0.1–10 mM LPE (18:0) (Avanti Polar Lipids);
10 nM TGN, 0.1–10 mM RSG, or 0.1–10 mM GW9508 (GPR40/
120 agonist) (all from Cayman Chemicals); 100 nM varespladib
(Anthera Pharmaceuticals); or 10 mM AACOCF3 (Cayman
Chemicals). Fatty acids were mixed with fatty acid–free BSA at
a 3.3:1 molar ratio and then diluted to the required concentra-
tion with culture media. Fatty acid-free BSA alone was used as
an experimental control. In the gene knockdown experiments,

ECs or VSMCs were transfected with Pla2g5 siRNA (assay ID
s10597), GATA3 siRNA (assay ID 43432 or 106675, Thermo
Fisher Scientific), or negative control siRNA (AM4611, Thermo
Fisher Scientific) using Lipofectamine RNAiMAX (13778030,
Thermo Fisher Scientific), in accordance with the manufac-
turer’s instructions.

Human samples

Aortic tissues were obtained by curative resection from six
patients (Asian, male sex, aged from 58 to 78 years), all of
whom underwent aortic graft replacement surgically at the
Yamanashi University Hospital (Yamanashi, Japan) from April
16, 2014 to December 31, 2019. The study was approved by the
Ethics Committees of Yamanashi University (approval number
1801), with written informed consent from all patients. All
studies involving human samples abide by the Declaration of
Helsinki principles.

Statistical analysis

Results are expressed as mean6 S.E. Univariate comparison
was performed with Fisher’s exact test for categorical data. Dif-
ferences between two groups were assessed by using an
unpaired t test. Analysis of more than two groups was carried
out either by one-way ANOVA or two-way ANOVA followed
by Tukey post hoc comparison test. Survival curves were calcu-
lated by the Kaplan–Meier method and compared by the log-
rank test. The association between variables was examined
using Pearson correlation. GraphPad Prism (version 8.3.1) soft-
ware was used to conduct statistical analyses.

Data availability

Data supporting the findings of this work are available within
the paper and the supporting information. The raw data will be
provided by the corresponding author upon request.
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ER, endoplasmic reticulum; EVG, Elastica van Gieson; HE, hema-
toxylin and eosin; HETE, hydroxytetraenoic acid; HUFA, highly un-
saturated fatty acid; LA, linoleic acid; ESI, electrospray ionization;
LOX, lysyl oxidase; LPA, lysophosphatidic acid; LPC, lysophospha-
tidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophos-
phatidylinositol; LPS, lysophosphatidylserine; LXA4, lipoxin A4;
MACS, magnetic cell sorting; MMP, matrix metalloproteinase; OA,
oleic acid; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphati-
dylserine; PGE2, prostaglandin E2; PLA2, phospholipase A2; sPLA2,
secreted PLA2; sPLA2-V, group V sPLA2; sPLA2-IIA, group IIA
sPLA2; cPLA2a, cytosolic PLA2a; TGN, thapsigargin; RSG, rosigli-
tazone; VSMC, vascular smooth muscle cell; p-, phosphorylated;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DMEM,
Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; P/S,
penicillin/streptomycin; ANOVA, analysis of variance; DAPI, 49,6-
diamidino-2-phenylindole; MAPK, mitogen-activated protein ki-
nase; LDL, low-density lipoprotein.
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