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Microsomal prostaglandin E synthase-1 (mPGES-1) in myeloid and
vascular cells differentially regulates the response to vascular in-
jury, reflecting distinct effects of mPGES-1–derived PGE2 in these
cell types on discrete cellular components of the vasculature. The
cell selective roles of mPGES-1 in atherogenesis are unknown. Mice
lacking mPGES-1 conditionally in myeloid cells (Mac-mPGES-1-
KOs), vascular smooth muscle cells (VSMC-mPGES-1-KOs), or endo-
thelial cells (EC-mPGES-1-KOs) were crossed into hyperlipidemic
low-density lipoprotein receptor-deficient animals. En face aortic
lesion analysis revealed markedly reduced atherogenesis in Mac-
mPGES-1-KOs, which was concomitant with a reduction in oxidative
stress, reflective of reduced macrophage infiltration, less lesional
expression of inducible nitric oxide synthase (iNOS), and lower
aortic expression of NADPH oxidases and proinflammatory cyto-
kines. Reduced oxidative stress was reflected systemically by a de-
cline in urinary 8,12-iso-iPF2α-VI. In contrast to exaggeration of the
response to vascular injury, deletion of mPGES-1 in VSMCs, ECs, or
both had no detectable phenotypic impact on atherogenesis. Mac-
rophage foam cell formation and cholesterol efflux, together with
plasma cholesterol and triglycerides, were unchanged as a function
of genotype. In conclusion, myeloid cell mPGES-1 promotes ath-
erogenesis in hyperlipidemic mice, coincident with iNOS-mediated
oxidative stress. By contrast, mPGES-1 in vascular cells does not
detectably influence atherogenesis in mice. This strengthens the
therapeutic rationale for targeting macrophage mPGES-1 in in-
flammatory cardiovascular diseases.

atherosclerosis | prostanoid

Nonsteroidal anti-inflammatory drugs (NSAIDs) reduce pain
and inflammation by suppressing the formation of proin-

flammatory prostaglandins (PGs), particularly prostaglandin
E2 (PGE2) formed by cyclooxygenase-2 (COX-2) (1). However,
the development of NSAIDs specific for inhibition of COX-2
revealed a cardiovascular hazard attributable to suppression of
cardioprotective PGs, especially prostacyclin (PGI2) (2). This
risk appears to extend to some of the older NSAIDs, like
diclofenac, that also inhibit specifically COX-2 (3, 4). These
developments prompted interest in microsomal PGE synthase
(mPGES)-1 as a downstream alternative drug target to COX-2
(5): it is the dominant source among PGES enzymes in the
biosynthesis of PGE2 (6). Unlike NSAIDs, inhibitors of mPGES-1
would spare PGI2 from suppression. Indeed, blockade or de-
letion of mPGES-1 results in accumulation of its PGH2 substrate,
rendering it available for metabolism by other PG synthases, in-
cluding PGI2 synthase (PGIS) (7).
Consistent with these observations, we have found that whereas

deletion of COX-2 in endothelial cells (ECs) and vascular smooth
muscle cells (VSMCs) renders mice susceptible to thrombosis and
hypertension (2), deletion of mPGES-1 in vascular cells has no
such effect (8). Indeed, global deficiency of mPGES-1 restrains
atherogenesis (9), the proliferative response to vascular injury (10)
and angiotensin-induced aortic aneurysm formation (11) in mice.

Despite this attractive cardiovascular profile, mPGES-1 is
a complex drug target. The dominant prostanoid products of
substrate rediversion differ among cell types. For example,
whereas PGI2 might be augmented in vascular cells, the conse-
quence of mPGES-1 blockade in other cells might be an increase
in thromboxane (Tx)A2, a PG that promotes platelet activation,
vasoconstriction, and atherogenesis (9). Even if an increase in
PGI2 afforded a desirable cardiovascular profile, it might un-
dermine the analgesic efficacy of mPGES-1 inhibitors. Al-
though the impacts of global deletion of mPGES-1 and COX-2
in many mouse models of analgesia are indistinguishable
(12, 13), in some, PGI2 rather than PGE2 predominates (14)
and thus may be the dominant mediator in certain subtypes
of human pain. Finally, the consequences of PGE2 suppression
might differ between cell types. PGE2 activates four E pros-
tanoid (EP) receptors with contrasting intracellular signaling
and consequent biology (15, 16). Indeed, the contrasting ef-
fect of mPGES-1 deletion in myeloid vs. vascular cells on the
proliferative response to vascular injury reflects the differ-
ential consequences of EP activation rather than substrate
rediversion (8).
A potentially discriminating feature among inhibitors of COX-2

and mPGES-1 is their effect on atherosclerosis. Global postnatal
deletion of COX-2 accelerates atherogenesis in hyperlipidemic
mice (17), an observation that accords with a similar effect of
deleting the PGI2 receptor (the IP) (18, 19) and with the delayed
detection of a cardiovascular hazard in randomized trials of COX-2
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inhibitors in patients initially selected for being at low cardio-
vascular risk (20). By contrast, global deletion of mPGES-1
restrains atherogenesis in mice; in this case suppression of PGE2
coincides with an increase in biosynthesis of PGI2 (9). Here, we
wished to segregate the effects on atherosclerosis of mPGES-1
depletion in myeloid from vascular cells. Our results strengthen
the rationale for targeting macrophage mPGES-1 in the treat-
ment of inflammatory cardiovascular disease.

Results
mPGES-1 Deletion in Myeloid Cells Attenuates Atherogenesis. Start-
ing at 2 mo of age, mice of both genders were fed a high-fat diet
(HFD) for 3 mo or 6 mo. Compared with either of the control
groups, WT1 or WT2 (Materials and Methods), the atheroscle-
rotic lesion burden was markedly reduced in Mac-mPGES-1-KOs
in both male (Fig. 1A) and female mice (Fig. 1B). No difference
was observed between WT1 and WT2; therefore for all of the
following experiments, we used WT1 as controls, terming them
Mac-mPGES-1-WT. Weight gain and plasma total cholesterol and
triglyceride levels were not affected by myeloid mPGES-1 deletion
in either sex at any time point (Fig. S1).
LysMCre mice express Cre recombinase in all myeloid cells,

including macrophages, neutrophils, and some dendritic cells
(21). Most recently, we reported that deficiency of mPGES-1 in
macrophages results in PGE2 suppression, accompanied by an
increased production of PGI2 and TxB2 (8). Here we examined
the leukotriene (LT) profile. After lipopolysaccharide (LPS)
exposure, a modest absolute increase in LTE4 was observed in
the knockout cells. LTC4 was unaltered significantly by mPGES-
1 deletion and LTB4 and LTD4 were undetectable (Fig. S2). A
small capacity for PGE2 production in neutrophils was not
detectably altered by enzyme deletion (Fig. S3A). Similarly,
a suggestion of lower PGE2 in dendritic cells from knockouts
(Fig. S3B) was tempered by the trivial amount formed. The ab-
solute level (0.46 ± 0.08 ng·mL−1·1.5 × 106 cells−1) is ∼47-fold
lower than in macrophages (14.61 ± 0.32 ng·mL−1·1 × 106

cells−1) (8). We failed to see any significant product rediversion
to PGI2 or TxB2 in either neutrophils or dendritic cells and leu-
kotriene formation (LTB4, -C4, -D4, and -E4) was not detected (Fig.
S3 A and B).
Despite a reduction in macrophage PGE2 formation (8), sys-

temic production of PGE2 and PGI2, reflected by their major

urinary metabolites 11α-hydroxy-9,15-dioxo-2,3,4,5-tetranor-prostane-
1,20-dioic acid (PGE-M) and 2,3-dinor 6-keto PGF1α (PGI-M), was
not significantly affected by myeloid mPGES-1 deletion in hyper-
lipidemic mice (Fig. S4 A and B). Modest product rediversion to
PGD2 (PGD-M: 11,15-dioxo-9-hydroxy-2,3,4,5-tetranor-prostan-1,20-
dioic acid) and TxA2 (Tx-M: reflected by 2,3-dinor TxB2) was ob-
served in 3-mo female and 6-mo male groups, respectively (Fig. S4 C
and D). Notably, the female mice showed lower PGE-M and higher
Tx-M excretion than males at both 3 mo and 6 mo (Fig. S4 A and
D), consistent with our previous report (9). Lower PGD-M and
PGI-M excretion was also observed in female mice after 6 mo HFD
feeding (Fig. S4 B and C). The contribution of these differences to
the sex-dependent rate of atherogenesis in hyperlipidemic mice
is unknown.

mPGES-1 Deletion in Vascular Cells Does Not Influence Atherogenesis.
In contrast to the functional importance of mPGES-1 in myeloid
cells, deletion of mPGES-1 in vascular cells (VSMCs, ECs, or
both) had no detectable phenotypic impact on lesion burden in
either sex (Fig. 2 A and B). Body weight, plasma lipid levels (Fig.
S5), and the urinary production of prostanoid metabolites (Fig.
S6) were all unchanged by vascular mPGES-1deletion.

Morphology Consequent to Macrophage mPGES-1 Deletion in Low-
Density Lipoprotein Receptor-Deficient Mice. Genotypic distinctions
in morphology are often less evident at more advanced stages of
atherogenesis; thus we performed lesional analysis in the 3-mo
cohort, using plaques of comparable size obtained at the aortic
root. Staining with the pan-macrophage marker, CD11b, was not
significantly altered by mPGES-1 deletion (Fig. 3 A, a and b, and
B). By contrast, staining for inducible nitric oxide synthase (iNOS),
a marker of classically activated type 1 macrophages (M1), was
strikingly reduced in lesions from the Mac-mPGES-1-KO mice
compared with WT controls (Fig. 3 A, c and d, and B). Robust
iNOS staining was observed in almost all of the WT lesions, lo-
calized to areas rich in fibronectin staining (activated SMCs and
fibrotic caps), and mixed regions contained fibronectin and mac-
rophages (CD11b staining). Overall iNOS staining was found in
the same types of lesions in the KO samples; however, the signal
was much lower. No difference was observed between KOs and
WTs in staining for the alternative activated type 2 macrophages
(M2), as reflected by CD206 (Fig. 3 A, e and f, and B). VSMC
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Fig. 1. (A and B) Effects of myeloid cell mPGES-1 deletion on atherosclerotic lesion formation in male (A) and female (B) hyperlipidemic mice. (Upper) The
extent of aortic atherosclerotic lesion formation, represented by the ratio of lesion area to total aortic area, was quantified by en face analysis of aortas from
mice after 3 mo or 6 mo on a HFD. (Lower) Representative en face graphs are shown with each vertically matched to the corresponding dataset in the Upper
panel (*P < 0.05, **P < 0.01, ***P < 0.001, n = 8–16).

Chen et al. PNAS | May 6, 2014 | vol. 111 | no. 18 | 6829

PH
A
RM

A
CO

LO
G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401797111/-/DCSupplemental/pnas.201401797SI.pdf?targetid=nameddest=SF6


www.manaraa.com

content (contractile α-SMA or synthetic VCAM-1), fibronectin
abundance, and collagen-rich areas were also comparable (Fig. S7).
Despite the relevance of iNOS to blood pressure regulation in mice
(22), systolic blood pressure was not changed in Mac-mPGES-1-KO
mice, either at baseline or after 3 mo on a HFD (Fig. S8). The time
to complete common carotid artery occlusion after photochemical
injury was also unaltered by myeloid mPGES-1 deletion (Fig. S9).
Plaque macrophage content through the whole aorta was signifi-
cantly reduced in the KOs at both 3 mo and 6 mo on a HFD (Fig.
3C), as determined by fluorescence imaging of the distribution of
1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR-
HDL) nanoparticles (23).

Macrophage mPGES-1 Deletion Coincides with Reduced Oxidative
Stress During Atherogenesis. Coincident with reduced iNOS im-
munoreactivity and impaired macrophage accumulation in Mac-
mPGES-1-KO mice, freshly isolated thoracic aortas from the
KOs revealed decreased expression of iNOS mRNA and the

macrophage marker CD68 compared with the controls (Fig. 4A).
Expression of TNFα and monocyte chemoattractant protein 1
(MCP-1) was also significantly reduced in the KOs (Fig. 4A).
Myeloid cell depletion of mPGES-1 also depressed the oxidant
stress attendant to atherogenesis. Thus, RT-PCR analysis revealed
decreased expression in the KOs of the gp91phox (NOX-2),
p47phox, and p22phox subunits of NADPH oxidase (Fig. 4B),
whereas expression of NOX-1 and NOX-4 was unchanged. The
antioxidant effect of myeloid mPGES-1 deletion was also reflected
systemically by a reduction in urinary 8,12-iso-iPF2α-VI (Fig. 4C),
a sensitive index of lipid peroxidation in vivo (24).

mPGES-1–Deficient Macrophages Showed Reduced Potential for
Migration and Unaltered Lipid Handling. Although random macro-
phage migration in a Boyden chamber assay was unaltered by
mPGES-1 depletion, migration induced by MCP-1 was markedly
reduced (Fig. 5A). By contrast, uptake of acetylated LDL was
unaltered (Fig. 5B), consistent with unaltered expression of
several genes relevant to foam cell formation and cholesterol
efflux, such as CD36, SR-A, ABCA1, and ABCG1 (Fig. 5C).

Discussion
NSAIDs are among the most commonly consumed drugs world-
wide, affording relief from pain and inflammation by suppressing
COX-dependent PG formation, particularly PGE2. However,
placebo-controlled trials reveal that NSAIDs specifically developed
for inhibition of COX-2 confer a cardiovascular hazard, consisting
of thrombosis, heart failure, hypertension, and sudden cardiac
death (25). Indirect lines of evidence suggest that this risk extends
to some of the older NSAIDs, such as diclofenac (3, 4), and is
attributable to suppression of COX-2–derived PGI2 (2, 18, 26).
These observations increased interest in mPGES-1 as an al-

ternative drug target. In principle, targeting this enzyme, down-
stream of the COXs and often coregulated by inflammatory
cytokines with COX-2 (27, 28), has two principal advantages.
First, it is the dominant source of PGE2 formation in vivo and,
unlike NSAIDs, inhibition of mPGES-1 would leave PGI2
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Fig. 2. (A and B) Effects of vascular cell mPGES-1 deletion on atherogenesis
in male (A) and female (B) hyperlipidemic mice. The extent of aortic ath-
erosclerotic lesion formation, represented by the ratio of lesion area to total
aortic area, was quantified by en face analysis of aortas from mice with 3 mo
HFD feeding (n = 9–15).
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formation unscathed. Indeed, PGH2 substrate rediversion
might enhance formation of this cardioprotective compound and
neutralize the cardiovascular risk observed with NSAIDs.
Results obtained in mice globally deficient in mPGES-1 have
been encouraging. Analgesic effects have often been in-
distinguishable from those of NSAIDs or those consequent to
COX-2 inhibition (12, 13). The predisposition to thrombosis and
hypertension observed in mice treated with COX-2 inhibitors
(29, 30) or lacking the IP (31) is absent in mPGES-1 KO mice
(32) and a similar contrast is evident when deletion of COX-2 vs.
mPGES-1 is confined to ECs or VSMCs (2, 8). It is possible that
the distinction with respect to hypertension is relative rather than
absolute as there have been some reports of evoked hypertension
consequent to mPGES-1 deletion (33–36). Also, inhibition of
mPGES-1 may be undesirable in the setting of acute myocardial

infarction, when inflammation appears to contribute to the healing
process (37). Finally, deletion of mPGES-1 restrains atherogene-
sis, the response to vascular injury, and angiotensin-induced an-
eurysm formation (9–11), whereas atherogenesis is accelerated but
aneurysm formation and vascular injury responses are attenuated
by disruption of COX-2 (17, 38, 39).
Despite these observations, mPGES-1 is a complicated drug

target. Due to the possibilities of substrate rediversion to PGs
with contrasting biological effects and to varied EP expression in
different tissues, global deletion of mPGES-1 or systemic drug
administration may conceal quite distinct tissue-dependent
consequences of mPGES-1 blockade. For example, recently we
found that whereas myeloid cell mPGES-1 promoted the tissue
response to vascular injury, this was attenuated by EC and
VSMC mPGES-1 (8). In this case, the results were attributable
to differential consequences of EP activation in the two cell
types, rather than contrasting products of PGH2 diversion.
Here we show that myeloid cell mPGES-1 promotes athero-

genesis, fostering M1 macrophage lesional infiltration, oxidant
stress, and attendant proinflammatory cytokine formation. In
contrast to its attenuating role in the proliferative response to
vascular injury, mPGES-1 in ECs and VSMCs has no detectable
impact on atherogenesis. These observations and our results with
vascular injury (8) raise the possibility that the broader cardio-
vascular efficacies observed with global mPGES-1 deletion might
be conserved by targeting macrophage mPGES-1. The contri-
bution from LysMCre-mediated mPGES-1 deletion in dendritic
cells and neutrophils is trivial, so phenotypes observed with
myeloid cell deletion are largely attributable to macrophages.
Whereas augmented PGI2 formation has been observed in

mPGES-1 global KO mice coincident with restraint of athero-
genesis, its functional contribution to this phenotype has not been
established. Here we recapitulate this atherogenic phenotype
without evidence of an alteration in systemic biosynthesis of PGI2
by targeting the macrophage. This has the theoretical attraction
of avoiding a perturbation that might dilute the analgesic efficacy
of mPGES-1 inhibition. PGI2, like PGE2, may mediate pain and
appears to dominate over PGE2 in some mouse models of anal-
gesia (14). Although a modest rediversion to TxA2 biosynthesis
was observed, thrombogenesis is not accelerated by myeloid
mPGES-1 deletion. Blood pressure was also unaltered by myeloid
mPGES-1 deletion, recapitulating the effects of global mPGES-1
deletion. Several strategies have emerged that favor drug delivery
to activated macrophages, such as those relevant to the anti-
atherogenic impact of myeloid mPGES-1 deletion, including
linkage to ligands for the folate receptor (40, 41) and the use of
HDL-based nanoparticles (23, 42). Given that people treated
with NSAIDs and mPGES-1 inhibitors are likely already to have
a burden of atherosclerotic disease, the more relevant experiment
will be whether a small molecule inhibitor of macrophage
mPGES-1 can induce regression of established disease, rather
than merely restrain atherogenesis.
Inhibition of mPGES-1 presents a considerable challenge in

drug development. However, the general conservation of NSAID
analgesic efficacy, the more benign cardiovascular profile in pre-
clinical models that were predictive of NSAID-induced clinical
cardiotoxicity, and the suggestion of efficacy in some inflammatory
cardiovascular syndromes are encouraging. The present results
strengthen the evidence that targeting macrophage mPGES-1 may
be a strategy further to refine efficacy while limiting adverse effects
attributable to enzyme inhibition in other tissues.

Materials and Methods
Animals. All animal studies were performed in accordance with the guidelines
approved by the Institute for Animal Care and Use Committee at the University
of Pennsylvania.

For myeloid cell mPGES-1 deletion, as previously described (8), mPGES-1f/f
mice, kindly provided by Mohammad Bohlooly of Astra Zeneca, were crossed
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with LysMCre mice to yield mice with mPGES-1 selectively deleted in mye-
loid cells, dominantly macrophages. These mice were further crossed with low-
density lipoprotein receptor-deficient (LDLR−/−) mice to generate LysMCre,
mPGES-1f/f, LDLR−/− mice (Mac-mPGES-1-KO). LysMCre-mediated recombination
results in deletion of the targeted gene in the myeloid cell lineage, whereas the
LysMCre transgenic mice were considered as Lysozyme-M null mice as well (43).
We used mice that do or do not express LysMCre as the two wild-type controls
for Mac-mPGES-1-KOs. mPGES-1f/f, LDLR−/− without LysMCre mice were used as
WT1 (Mac-mPGES-1-WT1), whereas LysMCre, LDLR−/− without mPGES-1f/f mice
were used as WT2 (Mac-mPGES-1-WT2).

For vascular cell mPGES-1 deletion, mPGES-1f/f mice were crossed with
SM22Cre and/or Tie2Cre mice to yield mice with mPGES-1 selectively deleted
in VSMCs, ECs, or both as described (8). These mice were crossed with LDLR−/−

mice to generate SM22Cre, mPGES-1f/f, LDLR−/− mice (SM22 Cre); Tie2Cre,
mPGES-1f/f, LDLR−/− mice (Tie2 Cre); or SM22Cre, Tie2Cre, mPGES-1f/f, LDLR−/−

(double Cre) mice; the mPGES-1f/f, LDLR−/− mice (no Cre) were used as their
littermate controls.

Quantification of Atherosclerosis. All mice were fed a HFD (0.2% cholesterol/
21% saturated fat; formula TD 88137, Harlan Teklad) from 2 mo of age for
3 mo or 6 mo. Mouse aortic trees were prepared and stained and athero-
sclerotic lesions were quantified as described (17). Briefly, the entire aorta
from the aortic root to the iliac bifurcation was collected and fixed in for-
malin-free fixative Prefer (Anatech LTD). Adventitial fat was removed. The
aorta was opened longitudinally, stained with Sudan IV (Sigma), and pinned
down on black wax to expose the intima. The extent of atherosclerosis was
determined by the en face lesion area percentage to the entire intimal area.

Immunohistochemical Analysis of Lesion Morphology. Mouse hearts were
embedded in optimal cutting temperature compound, and 10-μm serial
sections of the aortic root were cut and mounted on Superfrost Plus slides
(Fisher Scientific). Samples were fixed in acetone for 15 min at −20 °C. Before
treatment with the first antibody, sections were consecutively treated to
block endogenous peroxidase [3% (vol/vol) H2O2 for 15 min], with 10% (vol/vol)
normal serum blocking solution (dependent on host of secondary anti-
body, in 1% BSA/PBS for 15 min), and for endogenous biotin blocking
(streptavidin–biotin blocking kit; Vector Laboratories). Sections were then
incubated with the desired primary antibody in blocking solution overnight at
4 °C. Samples were individually stained for collagen type I (1 μg/mL; 1310-01,
Southern Biotech), fibronectin (0.3 μg/mL; F3648, Sigma), α-SMA (12.3μg/mL;
F3777, Sigma), VCAM-1 (10 μg/mL; 553331, BD Bioscience), CD11b (5 μg/mL;
557395, BD Bioscience), CD206 (1 μg/mL; MCA2235GA, Serotech), and
iNOS (0.5 μg/mL; 15323, Abcam), all with isotype-matched controls.
Where required, sections were then incubated with biotinylated-IgG
secondary antibody (specific to host of primary antibody, all 1 μg/mL;
Vector Laboratories) diluted in 1% BSA/PBS for 1 h at room temperature.

Sections were then incubated with streptavidin-horseradish peroxidase
(1 μg/mL; 016-030-084, Jackson Immunoresearch) diluted in 1% BSA/PBS
for 30 min at room temperature. Slides were equilibrated in sterile H2O
for 5 min and then developed using the DAB substrate kit (K3468; Dako)
per the manufacturer’s protocol. Samples were then counterstained with
hematoxylin, dehydrated, and mounted in Cytoseal-60 (12-547; Fisher
Scientific). Images were captured on a Nikon Eclipse 80i upright micro-
scope at 10× magnification, using Nikon NIS-Elements software.

DiR-HDL Nanoparticle Experiments. To assess macrophage accumulation in
whole aortas, Mac-mPGES-1-WT and Mac-mPGES-1-KO mice received an i.v.
(tail vein) injection of high-density lipoprotein nanoparticles labeled with
fluorophore DiR-HDL (D-12731; Invitrogen) in 0.9% sterile saline at 1 μmol
DiR/kg. Twenty-four hours later, the mice were killed and whole aortas were
dissected and subjected to the near infrared fluorescence immediately, using
an IVIS Spectrum fluorescence imaging system, as described in ref. 23.

Cell Culture Experiments. Thioglycollate-elicited peritoneal macrophages from
Mac-mPGES-1-WT and Mac-mPGES-1-KO mice were harvested and cultured as
previously described (17). For the Boyden chamber assay, cells were added to
the top wells of Costar Transwell modified Boyden chambers (6.5-mm di-
ameter tissue culture-treated polycarbonate membranes containing 8-μm
pores; Corning). Media with or without 10 ng/mL MCP-1 were placed in the
lower chambers. After allowing cell migration for 24 h, cells that remained in
the top wells were scraped off, using cotton swabs, and all remaining cells
were stained with 0.1% crystal violet (Sigma) for 20 min. Cells were then
washed off by 1% deoxycholic acid (Sigma) solution and absorbance was
measured at 595 nm. For the 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbo-
cyane perchlorate (DiI)-labeled acetylated LDL (Ac-LDL) uptake assay, cells
were incubated with 10 μg/mL DiI-Ac-LDL for 4 h at 37°. Then cells were
washed with PBS twice and visualized under a fluorescence microscope. DAPI
was used for nuclei staining. For real-time RT-PCR analysis, cells were treated
with or without 50 μg/mL oxidized LDL (ox-LDL) for 24 h. Total RNA was
prepared using the RNeasy Mini kit (Qiagen) and was reverse transcribed into
cDNA, using M-MLV reverse transcriptase (Promega). Taqman universal PCR
Master Mix and probes (Applied Biosystems) were used for real-time PCR.

Neutrophils were harvested by lavage of the peritoneal cavity with 5 mL of
cold PBS 4 h after injection of 1 mL 3% (wt/vol) thioglycollate broth into the
peritoneal cavity of themice as described in ref. 44. The cells were pelleted after
lysis of the residual red blood cells (ACK lysing buffer; Life Technologies).
Resuspended cells were then incubated in RPMI 1640 supplemented with 10%
(vol/vol) FBS for 2 h. Nonadherent cells were then stimulated with 5 μg/mL LPS
for 24 h and supernatants were collected for measurement of prostanoids
and leukotrienes.

Dendritic cells were isolated as described in ref. 45. Briefly, spleens were
injected with Liberase TL (Roche Diagnostics GmbH) and DNase I (Roche

BA DAPI Fluorescence

WT

KO

C

*
*

Mac-mPGES-1-WT Mac-mPGES-1-KO

Fig. 5. Mac-mPGES-1-KO macrophages showed reduced migration potential and unaltered lipid handling in vitro. (A) Cells were placed in modified Boyden
chambers and chemotaxis was assessed with or without exposure to 10 ng/mL MCP-1; the KO cells showed significantly reduced migration to MCP-1 (n = 6,
*P < 0.05). (B) Cells were treated with 10 μg/mL DiI-Ac-LDL for 4 h and uptake was assessed. Representative fluorescence images showed no difference
between WT and KO cells. DAPI staining was used as a control (n = 4). (C) Cells were treated with or without 50 μg/mL ox-LDL for 24 h; real-time RT-PCR
showed no difference between WT and KO cells for CD36, SR-A, ABCA1, and ABCG1 expression (n = 5–10).
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Diagnostics GmbH) before being teased apart and incubated at 37 °C for 60
min. They were then mashed through a 70-μm nylon strainer and red blood
cells were lysed with the ACK lysing buffer. Cells were enriched with CD11c
microbeads (130-052-001; Miltenyi Biotec) on a magnetic column (130-042-
401; Miltenyi Biotec). The resulting population was 90% CD11c+ by flow
cytometry. Cells were then cultured and stimulated with 5 μg/mL LPS for 24 h
and supernatants were collected for measurement of prostanoids and
leukotrienes.

Mass Spectrometric Analysis of Eicosanoids and Their Metabolites. Eicosanoids
were quantified in cell culture supernatants as previously described (17).
Systemic production of PGE2, PGI2, PGD2, and TxA2 was determined by mass
spectrometric quantitation of their major urinary metabolites: PGE-M,
PGI-M, PGD-M, and Tx-M, respectively. The nonenzymatic lipid peroxidation
product, 8,12-iso-iPF2α-VI, was measured as previously described (46). Data
were corrected for urinary creatinine (Oxford Biomedical Research).

Lipid Analysis in Plasma. Blood was collected from the vena cava of CO2-
euthanized mice. Plasma total cholesterol and triglyceride levels were
measured by commercial kits from Wako Chemicals.

Blood Pressure and Photochemical Injury-Induced Thrombosis. Systolic blood
pressure was measured in conscious mice by using a computerized non-
invasive tail cuff system as previously described (32). Blood pressure was
recorded once each day for 7 consecutive days, and the average blood

pressure was calculated. Photochemical injury-induced thrombosis was per-
formed as previously described (8).

Statistical Analysis. Statistical analyses were performed with two-sample un-
paired t tests with or without Welch’s correction, depending on whether the
variances were significantly different. All data were expressed as means ± SEM.
A total of 76 two-sample tests were performed, with a significance threshold of
0.05. A total of 29 of the 76 P values are significant at the 0.05 level. We
therefore would conservatively expect 0.05 × 76 = 3.8 false positives from 76
tests if all null hypotheses were true. Thus, we expect ∼25 of our rejected null
hypotheses to be correctly rejected. With an expectation of 25 true positives,
we can recalculate the expected number of falsely rejected null hypotheses to
conservatively be 0.05× 51= 2.55. So, we can (conservatively) expect less than 3
false positives from the 25 rejected null hypotheses. This number is safely
conservative because many of the observed P values are very small. The overall
conclusions of this article are robust to such a small number of false positives, in
particular, among the hypotheses with marginal P values.
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