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We	investigated	the	mechanisms	by	which	inhibitors	of	prostaglandin	G/H	synthase-2	(PGHS-2;	known	col-
loquially	as	COX-2)	increase	the	incidence	of	myocardial	infarction	and	stroke.	These	inhibitors	are	believed	
to	exert	both	their	beneficial	and	their	adverse	effects	by	suppression	of	PGHS-2–derived	prostacyclin	(PGI2)	
and	PGE2.	Therefore,	the	challenge	remains	to	identify	a	mechanism	whereby	PGI2	and	PGE2	expression	can	
be	suppressed	while	avoiding	adverse	cardiovascular	events.	Here,	selective	inhibition,	knockout,	or	mutation	
of	PGHS-2,	or	deletion	of	the	receptor	for	PGHS-2–derived	PGI2,	was	shown	to	accelerate	thrombogenesis	
and	elevate	blood	pressure	in	mice.	These	responses	were	attenuated	by	COX-1	knock	down,	which	mimics	
the	beneficial	effects	of	low-dose	aspirin.	PGE2	biosynthesis	is	catalyzed	by	the	coordinate	actions	of	COX	
enzymes	and	microsomal	PGE	synthase-1	(mPGES-1).	We	show	that	deletion	of	mPGES-1	depressed	PGE2	
expression,	augmented	PGI2	expression,	and	had	no	effect	on	thromboxane	biosynthesis	in	vivo.	Most	impor-
tantly,	mPGES-1	deletion	affected	neither	thrombogenesis	nor	blood	pressure.	These	results	suggest	that	
inhibitors	of	mPGES-1	may	retain	their	antiinflammatory	efficacy	by	depressing	PGE2,	while	avoiding	the	
adverse	cardiovascular	consequences	associated	with	PGHS-2–mediated	PGI2	suppression.

Introduction
As prostaglandin G/H synthase-2 (PGHS-2) is not expressed in 
mature human platelets (1), the effects of platelet PGHS-1–derived 
thromboxane A2 (TXA2) and other endogenous factors that pro-
mote platelet activation, vasoconstriction, and vascular prolifera-
tion may be amplified by PGHS-2 inhibitors, affording a mechanism 
for their cardiovascular effects (2–4). Despite these observations, 
the mechanistic hypothesis to explain the cardiovascular haz-
ard  from  these  drugs  remains  controversial.  Firstly,  PGHS-2  
inhibitors depress prostacyclin (PGI2) biosynthesis substantially, 
but incompletely in humans (5–7), so it is unclear whether mice 
entirely deficient in the PGI2 receptor (IP) would predict faithfully 
their effects. Secondly, it remains to be demonstrated that PGHS-2 
inhibition or disruption — as opposed to IP deletion (8) — alters 
the response to thrombogenic stimuli in mice and whether this 
hazard is mitigated by inhibition of PGHS-1–derived TXA2. The 
cardiovascular hazard from PGHS-2 inhibitors has also fostered 
interest in microsomal PGE synthase-1 (mPGES-1) as a drug target 
(9). However, it is unknown whether such selective inhibition of 
PGE2 would replicate the cardiovascular consequences of PGHS-2 
inhibition. Here we report that mPGES-1 deletion, unlike disrup-
tion, deletion, or inhibition of PGHS-2, fails to alter blood pres-

sure or modulate the response to a thrombogenic stimulus. These 
observations raise the possibility that inhibitors of mPGES-1 may 
be less prone to adverse effects involving the cardiovascular system 
than are specific inhibitors of PGHS-2.

Results
Impact of PGHS inhibition, knock down, mutation, or knockout on 
eicosanoid biosynthesis. We addressed the relative contribution of 
the PGHS enzymes to indices of PGI2 and TX biosynthesis, uri-
nary 2,3-dinor-6-keto PGF1a (PGIM) and 2,3-dinor-TXB2 (TXM), 
respectively (10), using mice deficient in either PGHS enzyme 
or treated with celecoxib or 5,5-dimethyl-3-(3-fluorophenyl)-4- 
(4-methylsulphonyl)phenyl-2(5H)-furanone (DFU), highly selec-
tive PGHS-2 inhibitors (11, 12). We also used a PGHS-1 knock-
down (KD) mouse that mimics the effect of  low-dose aspirin, 
achieving a more than 95% mean inhibition of platelet TX forma-
tion (13), and mutant PGHS-2Y385F mice, in which the COX, but 
not the peroxidase (POX), function of the enzyme is inactivated, 
thereby mimicking the effect of a selective PGHS-2 inhibitor (14). 
While TXM is markedly depressed by PGHS-1 knockout (KO) or 
KD, it is not altered significantly in PGHS-2 KO or PGHS-2Y385F 
mice or by treatment with the selective PGHS-2 inhibitors (Fig-
ure 1 and Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI27540DS1). PGIM, by 
contrast, is suppressed substantially by PGHS-2 inhibition or KO 
and in PGHS-2Y385F mice. Thus, PGHS-1 is the dominant source of 
TXM and PGHS-2 of PGIM in mice, as in humans (5, 6, 15).

IP deletion modulates vasoactivity, platelet aggregation, and thrombogen-
esis in gene/dose dependency. We studied the cardiovascular effects of 
deleting just 1 copy of the IP on cardiovascular function in vivo. 
The blood pressure response to an IP agonist, cicaprost (16), was 
reduced in a gene/dose-dependent manner (Figure 2A). A similar 
gene/dose-dependent effect of IP deletion was seen on the inhibi-
tory impact of 10 nM cicaprost on platelet aggregation induced 
by 2 µg/ml collagen ex vivo (Figure 2B). The impact of IP deletion 
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and PGHS-2 inhibition on the time to thrombotic carotid arte-
rial occlusion after green laser activation of rose bengal and con-
sequent free radical–catalyzed vascular injury was also gene/dose 
dependent. Inhibition of PGHS-2 also accelerated thrombogen-
esis, to a degree intermediate between that seen in IP+/– and that 
seen in IP–/– mice (Figure 2C).

Impact of PGHS-2 disruption or inhibition on thrombogenesis and blood 
pressure regulation: PGHS-1 KD attenuates these effects in vivo. Both the 
fall in platelet count following injection of the platelet agonist, col-
lagen — reflecting platelet consumption in a developing thrombus 
— and the frequency of sudden death induced by an i.v. dose of a 
TX receptor (TP) agonist, U46619, were augmented in PGHS-2 
KO and PGHS-2Y385F

 mice (Figure 3A). Furthermore, the prolon-
gation in bleeding time — an index of platelet–vessel wall interac-
tions	— induced by LPS administration (2 mg/kg i.p.) to WT mice  
(2.0 ± 0.2 minutes versus 8.9 ± 2.0 minutes, n = 14; P < 0.001) was 
abolished in PGHS-2Y385F mice (1.99 ± 0.27 minutes versus 2.3 ± 0.78 
minutes, n = 6–7; P = NS). Genetic simulation of low-dose aspirin 
by PGHS-1 KD delayed the response to a thrombogenic stimulus. 
By contrast, acceleration of the time to thrombotic carotid vascular 
occlusion occurred with the PGHS-2 inhibitor DFU (Figure 3B), but 
this effect was attenuated by PGHS-1 KD. This suggests that the risk 
of thrombosis from selective inhibition of PGHS-2 would be attenu-
ated — but not abolished — by low-dose aspirin.

The risk of hypertension on NSAIDs may relate frequently to 
inhibition of PGHS-2 and the selectivity with which it is attained 

(17). Hypertension has been reported in patients receiving both 
traditional NSAIDs (tNSAIDs) and those selective for inhibition of 
PGHS-2 (18, 19). Hypertension reported as an adverse event relates 
to dose in patients receiving either celecoxib or rofecoxib, with a 
more pronounced signal on the latter drug. While this reflects the 
relative degree of selectivity for inhibition of PGHS-2, it is con-
founded with the duration of drug exposure in this comparison 
(20). Hypertension was more common in patients taking PGHS-2–
selective drugs than in those taking tNSAIDs in an observational 
study (21). Here, blood pressure was elevated by PGHS-2 deletion 
or mutation or by treatment with the PGHS-2 inhibitor celecoxib 
compared with that of WT controls on a regular chow diet. Blood 
pressure was unaltered in PGHS-1 KD mice, but the hypertensive 
effect of celecoxib was attenuated in these mice (Figure 3C). Thus, 
selective disruption or deletion of PGHS-2, just like deletion of 
the IP (22), can result in an elevation of blood pressure in mice, 
and this effect is attenuated by genetic mimicking of the impact of 
low-dose aspirin. This contrasts with the impact of TP deletion on 
the hypertensive response to IP deletion. While disruption of the 
TP prevents the consequent myocardial injury, it does not alter the 
rise in blood pressure in IP KO mice (22). These results suggest the 
importance of suppression of products additional to PGI2 (such as 
PGE2 acting via the E prostanoid receptor 2 (EP2) or PGD2 acting 
via the D prostanoid receptor 1) in the hypertensive response to 
PGHS-2 inhibition or disruption and/or the role of suppression 
of products additional to TXA2 (such as PGE2 acting via EP1 or 
PGF2a acting via the F prostanoid receptor) in the antihypertensive 
impact of PGHS-1 KD.

The major urinary metabolite of PGE2 and the role of PGHS and 
mPGES-1 enzymes in PGE2 biosynthesis. Unlike PGI2, both PGHS-1 
and PGHS-2 each contribute substantially to PGE2 biosynthe-
sis. Using a mass spectrometric assay (Figure 4A) for the major 
PGE metabolite 11a-hydroxy-9,15-dioxo-2,3,4,5-tetranor-pros-
tane-1,20-dioic acid (PGEM), we found that PGHS-1 KO or KD, 
as well as PGHS-2 KO or mutation or inhibition of PGHS-2 with 
DFU, depressed PGEM significantly (Figure 4B and Supplemen-
tal Figure 1). The mPGES-1 enzyme, which colocalizes with both 
PGHS enzymes (23, 24), is a major source of urinary PGEM. Uri-
nary PGEM was significantly lower in both male mPGES-1 KO 
mice (82.1 ± 7.5 ng/mg creatinine in WT versus 18.8 ± 3.8 ng/mg 
creatinine in KO, n = 7–8 mice per group; P < 0.001) (Figure 5C) 
and female mPGES-1 KO mice (28.0 ± 2.2 ng/mg creatinine in WT 
versus 15.8 ± 2.2 ng/mg creatinine in KO, n = 11 mice per group;  
P < 0.001) than in WT mice.

Impact of mPGES-1 deletion on thrombogenesis, blood pressure regula-
tion, and eicosanoid biosynthesis. While deletion of the IP augments the 
response to thrombogenic or hypertensive stimuli, depression of 
PGE2 might also influence cardiovascular function. Thus, deletion 
of the EP2 receptor (25), like that of the IP (22, 26), increases salt 
sensitivity in mice. In addition to effects on blood pressure, low con-

Figure 1
PGHS enzymes and eicosanoid biosynthesis. (A) Urinary excretion 
of TXM was decreased significantly (n = 6; *P < 0.001) from values 
in WT mice by PGHS-1 deletion (KO) or knock down (KD), but not in 
PGHS-2 KO or PGHS-2Y385F mice or those treated with 100 mg/kg/d 
of the PGHS-2 inhibitor celecoxib for 30 days on a mixed C57BL/6 × 
129/Sv genetic background. (B) Urinary PGIM was depressed signifi-
cantly in PGHS-2 KO and PGHS-2Y385F mice and by celecoxib, but not 
in PGHS-1 KO or KD mice.
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centrations of PGE2 activate platelets via the EP3, while higher con-
centrations inhibit platelet function by ligating the IP (27). Unlike 
inhibition of PGHS-2, deletion of mPGES-1 failed to alter thrombo-
genesis in mice of either sex (Figure 5A). We examined the potential 
impact of mPGES-1 deletion by both tail cuff (Supplemental Fig-
ure 2) and telemetric approaches. Blood pressure was assessed con-
tinuously in male mice on both normal (0.6% NaCl) and high-salt 
(8% NaCl) diets. An impact of mPGES-1 deletion was not detected. 
Mean arterial blood pressure (MABP) rose significantly with activ-
ity on both dietary regimens and rose with high-salt feeding in both 
WT and mPGES-1 KO groups. As with the earlier experiments with 
celecoxib, 10 mg/kg/d DFU significantly augmented MABP in both 
active and resting phases in WT controls, when the experiments 
were performed in mice with a genetic background common with 
that of the mPGES-1 KO mice (Figure 5B).

Deletion  (or  inhibition)  of  a  PG  synthase  enzyme,  such  as 
mPGES-1, may result in accumulation of the PGHS product PGH2, 

rendering it available for rediversion to other vasoactive PGs. Such 
a phenomenon has been reported in LPS-stimulated macrophages 
obtained from mPGES-1 KO mice, in which formation of both 
TXA2 and PGI2 was augmented, coincident with suppression of 
PGE2 (28). We have replicated these findings in murine macro-
phages ex vivo but find that, unlike in macrophages, only PGI2 for-
mation is augmented in unstimulated mPGES-1–deleted VSMCs 
(E. Ricciotti et al., unpublished observations). Thus, the dominant 
product of PGH2 rediversion varies according to cell type. Here, we 
compared urinary excretion of PGIM and TXM — indices of total-
body biosynthesis of the eicosanoids — between mPGES-1 KOs 
and WT controls. While urinary TXM was unaltered by mPGES-1 
deletion (335.7 ± 43.4 ng/mg creatinine in WT versus 359.7 ± 52.5 
ng/mg creatinine in KO, n = 14–17 mice per group; P = 0.98), PGI2 
biosynthesis, reflected by urinary PGIM, was increased significantly 
(6.2 ± 1 ng/mg creatinine in WT versus 10 ± 1.3 ng/mg creatinine in 
KO, n = 8 mice per group; P < 0.05) (Figure 5C).

Figure 2
Suppressive effects of IP deletion on vascular reactivity, platelet aggregation, and thrombogenesis are gene/dose dependent. (A) The maxi-
mum decline (P < 0.0001) and duration (P < 0.005) of hypotension evoked in mean arterial pressure (MAP) by 1 µg/kg of IP agonist, cicaprost 
(Cica), was greater in WT than in IP+/– or IP–/– mice on a C57BL/6 background. (B) Platelet aggregation was initiated with 2 µg/ml collagen with 
(+) or without (–) pretreatment with 10 nM Cica. Inhibition of aggregation was not evident in IP–/– mice and averaged 86% of WT in IP+/– mice  
(P < 0.0001). (C) Carotid artery blood flow after photochemical injury. The time to complete occlusion after rose bengal dye injection fell from 
66.3 ± 5.1 minutes in WT to 44.4 ± 7 minutes in IP+/– and to 29.7 ± 7.6 minutes in IP–/– mice (P < 0.006). The mean impact of the COX-2 inhibitor, 
DFU (10 mg/kg for 3 days), on time to occlusion (56.2% of WT value) was intermediate between that of IP+/– (68.1%) and IP–/– (45.5%) mice.
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A marked sex difference was noted in PGEM (82.1 ± 7.5 ng/mg 
creatinine in males versus 20.1 ± 3.8 ng/mg creatinine in females, 
n = 7–12 per group; P < 0.001) in WT mice. However, deletion of 
mPGES-1 depressed PGEM in both sexes. Interestingly, a similar 
sex difference in TXM (335.7 ± 43.4 ng/mg creatinine in males ver-
sus 706.3 ± 86.7 ng/mg creatinine in females, n = 12–20 per group; 
P < 0.05), but not in PGIM (6.2 ± 1.0 ng/mg creatinine in males 
versus 5.5 ± 1.1 ng/mg creatinine in females, n = 8–12 per group;  
P = 0.68), was also noted in mice on this DBA/1lacJ background.

Discussion
Evidence has emerged for a cardiovascular hazard with specific 
inhibitors of PGHS-2 from placebo-controlled trials. This is con-
sistent with the original prediction that such a complication would 
result from suppression of PGI2, but not TXA2, in patients treated 
with these drugs (5, 6). The plausibility of this argument rested 

heavily on integrating the biochemical mea-
surements of PGI2 biosynthesis in humans 
with results obtained in mice lacking the IP. 
However, although PGI2 was indeed shown to 
modulate the cardiovascular effects of TXA2 
in mice (2), concern was expressed as to the 
relevance of  IP deletion to substantial but 
incomplete inhibition of PGI2 biosynthesis 
during treatment with PGHS-2 inhibitors.

Here, evidence derived from distinct phar-
macological inhibitors and genetic models of 
PGHS inactivation indicates that PGHS-2 is 
indeed the dominant source of PGI2 in vivo, 
as is PGHS-1 of TXA2. Furthermore, inhibi-
tion, deletion, or inactivation of PGHS-2 aug-
ments the response to thrombogenic stimuli 
in 3 distinct experimental settings. In 1 such 
model, the thrombotic phenotype evoked by 
the PGHS-2 inhibitor is roughly intermedi-
ate between those resulting from hetero- and 
from homozygous deletion of the IP. Neither 
disruption of PGHS-2 nor IP deletion results 
in  spontaneous  thrombosis,  but,  rather, 
both augment the response to thrombogenic 
stimuli. Thus, an unrelated predisposition to 
thrombosis would facilitate detection of a car-
diovascular hazard from PGHS-2 inhibitors, 
as has been observed in patients (29–31).

While  inhibition  of  PGHS-2  accelerates 
thrombogenesis, this effect is attenuated, but 
not  abolished,  by  PGHS-1  KD.  Adequately 
powered clinical trials designed to determine 
whether aspirin mitigates the cardiovascular 
hazard from PGHS-2 inhibitors  in humans 
have not been performed. Indeed, aspirin use 
has only been prespecified in 1 randomized 
trial of a PGHS-2 inhibitor, the Therapeutic 
Arthritis Research and Gastrointestinal Event 
Trial (TARGET) (32). Here, the relative risk 
of myocardial infarction in patients receiving 
the PGHS-2 inhibitor lumiracoxib versus the 
tNSAID naproxen fell from 2.37 to 1.36 when 
low-dose aspirin was combined with the coxib.

The demonstration  that mPGES-1 dele-
tion is as effective as tNSAIDs in models of pain and inflamma-
tion, including collagen-induced arthritis (9), suggests that such 
inhibitors might represent alternatives to coxibs, potentially 
devoid of their cardiovascular hazard. However, while inhibition 
of PGE2-dependent platelet activation via EP3 may be desirable, 
inhibition of activation of the IP by PGE2 (27) is not. Similarly, 
suppression of PGE2, perhaps even more than PGI2, is thought to 
account for hypertension on NSAIDs, including those selective 
for PGHS-2. Here, although mPGES-1 is indeed a major, but not 
exclusive, source of PGE2, thrombogenesis is not accelerated in 
mPGES-1–/– mice. Blood pressure was also unaltered by mPGES-1  
deletion, even in response to a high-salt diet. It is possible that 
this lack of a cardiovascular phenotype in the mPGES-1 KOs 
merely reflects the unimportance of PGE2 as a constraint on 
thrombogenic and hypertensive stimuli. However, it may be that 
accumulated PGH2 substrate in the setting of mPGES-1 deletion 

Figure 3
PGHS-2 disruption or inhibition promotes thrombogenesis and hypertension and modula-
tion effect of PGHS-1 KD. (A) Circulating platelets before and 2 minutes after injection of 
collagen (12.5 and 25 µg/kg) plus epinephrine (15 µg/ml, 100 µl) into WT, PGHS-2Y385F, 
and PGHS-2 KO mice on a mixed C57BL/6 × 129/Sv background. Thrombocytopenia was 
more pronounced (**P < 0.01) in PGHS-2–disrupted mice. Sudden death was induced 
more commonly (**P < 0.01) within 15 minutes of U46619 injection in PHGS-2–deleted or 
–mutated mice. (B) The time to thrombotic carotid artery occlusion after photochemical 
injury was delayed in PGHS-1 KD mice (**P < 0.01) but accelerated by DFU treatment 
(#P < 0.05). The time to occlusion in DFU-treated animals was delayed in the PGHS-1 KD 
group compared with WT controls (**P < 0.01), while the time to occlusion in DFU-treated 
PGHS-1 KD mice did not differ significantly from that in vehicle-treated WT controls on a 
mixed C57BL/6 × 129/Sv background. (C) Systolic blood pressure, as measured by the 
tail cuff method, was elevated significantly in 3-month-old PGHS-2 KO, PGHSY385F, and 
celecoxib-treated (100 mg/kg/d for 30 days) mice as compared with WT mice on a mixed 
C57BL/6 × 129/Sv background (*P < 0.05; **P < 0.01). The hypertensive effect of cele-
coxib was attenuated in PGHS-1 KD mice compared with that in WT (##P < 0.01) mice.
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is redirected to augment PGI2 biosynthesis, thereby mitigating 
the loss of PGE2. Here, we show that urinary PGIM is signifi-
cantly elevated in mPGES-1 KOs, without a significant alteration 
in urinary TXM. While this increase is modest — approximately 
50% — we have also shown that loss of just 1 copy of the IP gene 
results in a detectable cardiovascular phenotype. Despite these 
findings, the profile of rediversion products formed and the con-
sequent cardiovascular effects of mPGES-1 inhibition may differ 
when the relative predominance of different cell types varies in 
distinct clinical settings.

Similarly, we demonstrate contrasting effects on blood pressure 
of mPGES-1 deletion and PGHS-2 inhibition in mice sharing the 
same genetic background. However, it is well established that genet-
ic background may influence manipulations of PG biosynthetic/
response genes in mice (17, 33) and that the occurrence and severity 
of a hypertensive response to NSAIDs are quite variable in humans. 
Thus, these results do not preclude the possibility that interindivid-
ual variation in genetic modifiers might predispose some individu-
als to a cardiovascular response to mPGES-1 inhibitors.

Biosynthesis of PGE2, as reflected by excretion of urinary PGEM, 
differs markedly between males and females in mice, as in humans 
(34). While deletion of mPGES-1 depresses urinary PGEM in 
both sexes, the biological implications of this difference — and, 
indeed, sex-dependent differences in other prostanoid functions 
(35) — and the implications of these differences for therapy remain 

unexplored. However, a potential adverse outcome of inhibition of 
synthesis of PGE2 could be an increase in peptic ulceration.

In summary, inhibition of PGHS-2–derived PGI2 augments the 
response to thrombogenic stimuli in vivo and may contribute to 
hypertension on NSAIDs. Both of these effects are attenuated 
when the impact of low-dose aspirin is mimicked genetically. Dele-
tion of mPGES-1, in contrast to PGHS-2 inhibition, deletion, or 
disruption, does not alter blood pressure or predispose to throm-
bosis. This may result from diversion of the PGH2 substrate to PGI 
synthase, augmenting the production of PGI2.

Methods

Animals
In all cases, transgenic mice deficient in the indicated gene were compared 
with appropriate strain-, age-, and sex-matched control animals. The inves-
tigator was unaware of the genotype throughout the experiment. All pro-
cedures were approved and animal husbandry was overseen by the Institu-
tional Animal Care and Use Committee of the University of Pennsylvania.

Generation of PGHS-1 KD and PGHS-2Y385F mutant mice
PGHSs  comprise  a  COX  activity,  which  catalyzes  the  conversion  of 
arachidonic acid to PGG2, and a POX activity, which reduces PGG2 to 
PGH2. Traditional NSAIDs target both PGHS-1 and PGHS-2 by inhibition 
of COX activity, leaving POX activity intact (36, 37). Similarly, NSAIDs 

Figure 4
The major urinary metabolite of PGE2 and 
the suppressive effect of PGHS-1 disruption 
or KD and PGHS-2 disruption or mutation on 
PGE2 biosynthesis. (A) A selected ion-moni-
toring trace of the methoxime derivative of 
endogenous PGEM (9,15-dioxo-11a-hydroxy-
2,3,4,5-tetranor-prostane-1,20-dioic-
17,17,18,18,19,19-d6 acid) (bottom panel) 
and its hexadeuterated internal standard (top 
panel). (B) Urinary PGEM decreased signifi-
cantly in both male and female PGHS-2 KO 
or PGHS-2Y385F mice compared with WT con-
trols on a mixed C57BL/6 × 129/Sv genetic 
background (n = 5–6; *P < 0.05; **P < 0.001). 
PGEM was also significantly lower in PGHS-1 
KD and PGHS-1 KO groups compared with 
WT mice of mixed C57BL/6 × 129/Sv genetic 
background (n = 5–6; *P < 0.05; **P < 0.001). 
PGEM was significantly higher in PGHS-2Y385F  
mice compared with PGHS-2 KO mice  
(#P < 0.05) on the same genetic background.
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selective for PGHS-2 do not affect POX activity. Others have shown that 
Tyr385 in PGHS (ovine PGHS-1 numbering) is critical for COX catalysis 
but is uninvolved in POX activity (36–38). We have generated PGHS-2Y385F 
mutant mice, replacing Tyr385 with phenylalanine using a homologous 
recombination strategy (14). All of these mice were maintained on a mixed 
C57BL/6 × 129/Sv genetic background, and the WT controls were gener-
ated from heterozygous PGHS-2Y385F mice.

Since insertion of a Neo within intronic sequences could generate a 
hypomorphic allele or “knock down” of gene expression (39), we used 
PGHS-1 KD mice with Neo insertion in the PGHS-1 intron 10 sequence as 
described previously (13).

IP KO and mPGES-1 KO mice
IP KO mice were backcrossed into a C57BL/6 genetic background (2). IP–/–, 
IP+/–, and WT littermates were identified in litters generated by the inter-
cross of IP+/– animals by PCR analysis of genomic DNA isolated from tail 
biopsy samples. Southern blot analysis confirmed the IP gene copy num-
ber. mPGES-1 KO mice were kindly provided by Pfizer. They were gener-
ated and maintained on the DBA/1lacJ genetic background (9) or on a 
mixed DBA/1lacJ × C57BL/6 genetic background. Heterozygous animals 
were intercrossed, and the litters were screened by PCR analysis to identify 

both mPGES-1 KO and WT controls. Biochemical and functional analyses 
in each case were performed on mutant mice and WT littermate controls.

PGHS-2 inhibitors
For the selective PGHS-2 inhibitor treatment, mice were fed ad libitum a 
normal chow diet containing 800 ppm celecoxib as described in the figure 
legends. The selectivity of this dosage has been reported previously (40–42) 
and was confirmed in this study	(Figure 1A). Another selective PGHS-2 
inhibitor is DFU, which was prepared in 1% methylcellulose, and mice were 
treated with 10 mg/kg/d by oral administration as described in the fig-
ure legends. DFU is a highly selective PGHS-2 inhibitor in vitro (12). The 
selectivity of the dosage regimen that we used has been reported previously 
(43–45) and was confirmed in this study	(Supplemental Figure 1).

Eicosanoid analyses
Urinary TXM and PGIM were measured in 24-hour urine collected in met-
abolic cages. The urinary 2,3-dinor-TXB2 metabolite (TXM) was measured 
using a stable isotope dilution reverse-phase (C18) HPLC-coupled tandem 
mass spectrometry assay (Finnigan Quantum Ultra AM; Thermo Electron 
Corp.) (2), whereas PGIM was measured by gas chromatography/mass 
spectrometry (Hewlett-Packard Co.) after extraction and purification by 

Figure 5
Impact of mPGES-1 disruption on thrombogenesis, blood pressure regulation, and eicosanoid biosynthesis. (A) Deletion of mPGES-1 failed to 
alter the time to thrombotic carotid artery occlusion after photochemical injury, while it was accelerated by the PGHS-2 inhibitor DFU in mice on a 
DBA/11acJ background (*P < 0.05). (B) MAP exhibited diurnal variation in mPGES-1 KO and WT littermates on a mixed DBA/11acJ × C57BL/6 
background. MAP was averaged over 4 days for 12 hours dark (active phase) and light (resting phase) periods. MAP was higher during active 
phase, and a high-salt diet elevated pressure similarly, a mean 6% in both groups (**P < 0.01). Oral DFU administration (10 mg/kg/d) for 21 
days increased MAP in both the active (##P < 0.01) and resting (#P < 0.05) phases compared with vehicle-treated animals. (C) Urinary PGEM 
was lower (**P < 0.01) and PGIM was higher (*P < 0.05), while TXM was unaltered in male mPGES-1 KO mice compared with gender-matched 
WT littermates on a DBA/11acJ background.
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thin-layer chromatography (46). Urinary PGEM was measured by liquid 
chromatography/mass spectrometry/mass spectrometry (LC/MS/MS; 
Finnigan Quantum Ultra AM; Thermo Electron Corp.) as follows: First, 
10 ng of hexadeuterated PGEM (9,15-dioxo-11a-hydroxy-2,3,4,5-tetranor-pros-
tane-1,20-dioic-17,17,18,18,19,19-d6 acid; Cayman Chemical Co.) was added to 
0.1 ml of mouse urine. Next, 50 µl of methoxamine HCl, 1 g/ml, was added, 
and the sample was mixed and allowed to stand at room temperature for 
15 minutes. The sample was then diluted to 1.0 ml with water and loaded 
on a Strata-X solid-phase extraction (SPE) cartridge (Phenomenex). The 
cartridge was eluted with 1.0 ml of 5% acetonitrile in ethyl acetate, dried, 
dissolved in 200 µl 10% acetonitrile in water, and injected for LC/MS/MS 
analysis. Transitions monitored were m/z 385→336 for the endogenous 
PGEM and 391→342 for the internal standard.

Models of thrombogenesis
Photochemical vascular injury. This model is an adaptation of one previously 
described (13, 47). Briefly,	mice (12–16 weeks old) were anesthetized with 
sodium pentobarbital (80 mg/kg, i.p.). After a midline cervical incision, the 
left common carotid artery was isolated, and a Doppler flow probe (model 
0.5 VB; Transonic Systems Inc.) was applied. The probe was connected to 
a flowmeter (model T105; Transonic Systems Inc.) and interpreted with 
a computerized data acquisition program (PowerLab; ADInstruments). 
Rose bengal (Fisher Scientific International) was diluted in PBS and then 
injected into the jugular vein in a volume of 0.12 ml at a concentration 
of 50 mg/kg. Just before injection, a 1.5-mW green light laser (540 nm) 
(Melles Griot) was applied to the desired site of carotid artery injury from 
a distance of 5 cm, and blood flow was monitored for 120 minutes or until 
stable occlusion occurred, after which the mice still showing blood flow 
were assigned a value of 120 minutes. Stable occlusion was defined as a 
blood flow of 0 ml/min for 3 minutes. To confirm occlusive thrombosis, 
carotid arterial segments subjected to injury were excised and embedded in 
paraffin. Sections were then stained with H&E.

Collagen-induced platelet consumption.	Briefly, mice  (8 weeks old) were 
weighed and anesthetized with sodium pentobarbital (80 mg/kg). One 
hundred microliters of a mixture of collagen (250 µg/ml) and epinephrine 
(15 µg/ml) in 0.9% NaCl was injected rapidly into the tail vein. Blood was 
collected from the inferior vena cava after 2 minutes and anticoagulated 
with one-sixth volume of tripotassium EDTA. After thorough mixing, 
platelets were counted by automated multispecies hematology analyzers 
(CDC Technologies Inc.), as previously described (48).

U46619-induced sudden death. Again this was based on a model established 
previously (49). Briefly, mice (3–4 months old) were anesthetized with 
sodium pentobarbital. Then they received a rapid i.v. injection of U46619 
(0.2 mg/kg in PBS; Cayman Chemical Co.) via the tail vein. Heart rate was 
monitored for 15 minutes before sacrifice. The mice that did not die within 
this time period were recorded as survivors.

Tail bleeding time. Two milligrams per kilogram LPS (Sigma-Aldrich) or saline 
vehicle was administered i.p. to mice (10–12 weeks old), and, 6 hours later, 
bleeding time was measured by the tail clip method (13). Briefly, mice were 
anesthetized i.p. with pentobarbital (80 mg/kg), and tails were transect-
ed 1 mm from the tip with a sterile scalpel blade. The remaining tail was 
immersed in 37°C saline, and the time until bleeding stopped for a period 
of at least 1 minute was observed and recorded. The experiment was termi-
nated after 20 minutes, after which any mice still bleeding were assigned a 
value of 20 minutes for the purpose of statistical analysis.

Platelet aggregation assay. Blood was isolated from the inferior vena cava 
of anesthetized 10- to 12-week-old mice (80 mg/kg sodium pentobarbital) 
using a heparinized syringe (15 U/ml blood). Two hundred fifty microliters 
of blood was mixed with 750 µl of sodium chloride at 37°C. Platelet aggre-
gation was performed as previously described (50–52) using a 500 Whole 

Blood Lumi-Aggregometer System (Chrono-Log Corp.). Samples were pre-
treated with or without 10 nM cicaprost for 1 minute, and aggregation was 
initiated by addition of 2 µg/ml collagen (Chrono-Log Corp.).

Blood pressure measurements
Tail cuff measurement.	Resting systolic blood was measured in conscious mice 
(3–4 months old) using a computerized noninvasive tail cuff system (Visi-
tech Systems Inc.). The validity of this system has been demonstrated previ-
ously (25, 53). Mice were adapted to the system for 14 days (measurements 
of sessions 25 minutes in length were done once each day between 1500 and 
1800 hours). After that, blood pressure was recorded daily for 3 consecu-
tive days in the same way. Data were collected and analyzed using updated  
BP-2000 software (Visitech Systems Inc., http://www.visitechsystems.com/).

Telemetry.	This approach is based on prior studies with minor modifi-
cations (54, 55).	Briefly,	male	mice (3–4 months old) were anesthetized 
using ketamine (100 mg/kg, i.p.) and acepromazine (5 mg/kg, i.p.) and 
were subjected to surgery under strict sterile conditions. A horizontal inci-
sion (right blade to mid-scapular) was made on the back, and the telemetry 
probe (TA11-PA20; Transoma Medical Inc. — Data Sciences International) 
was inserted. The probe was secured by suturing of the 3 suture holes on 
the probe to the skin, along with an additional suture that ran through 
the muscle and looped around the body of the probe and through the 
first suture hole. This prevented the probe from sliding laterally down the 
side of the mouse. A vertical incision was then made on the neck, and the 
tips of fine hemostats were advanced underneath the skin to the incision 
on the back and externalized. The flexible tip of the transmitter catheter 
was gently grasped and pulled through, so that it protruded through the 
incision on the neck. The left common carotid artery was then isolated. 
The tip of the catheter was inserted into the common carotid lumen and 
advanced until the catheter notch reached the level of the carotid bifurca-
tion. The transmitter signal was monitored with an AM radio tuned to the 
low end of the dial to verify the proper catheter placement. A pulsing tone 
indicated proper catheter placement. After surgery, mice were maintained 
on normal salt intake (0.6% NaCl; diet no. 8746; Harlan Teklad) for a  
1-week period, after which the telemetry probes were turned on. The cage 
with the animal was placed on a receiver plate, and the signal was collected 
using the Dataquest LabPRO acquisition system (version 3.01; Transoma 
Medical Inc. — Data Sciences International). Mice were maintained on a 
12-hour light/dark regimen, and in a sound-attenuated room. Ten-second 
waveforms of mean arterial pressure, diastolic arterial pressure, systolic 
arterial pressure, heart rate, and locomotor activity were sampled every 
5 minutes during the 4-day monitoring periods, hourly averages and SD 
were calculated, and then all data were expressed as values averaged from 
daytime (resting phase) and nighttime (active phase) measurements. After 
this baseline data collection, the probes were then turned off, and the mice 
were fed a high-salt diet (8% NaCl; diet no. 5008; Harlan Teklad) for 1 week, 
after which the probes were turned on and the data were collected for an 
additional 4 days.

Direct measurement of blood pressure.	Mice were anesthetized (100 mg/kg 
ketamine, 5 mg/kg acepromazine) and placed on a temperature-controlled 
panel. The right internal jugular vein and left carotid artery were cannu-
lated with PE-10 tubing. The arterial catheter was connected to a Capto 
SP844 pressure transducer (GE Healthcare — Capto), and blood pressure 
was monitored continuously with a PowerLab/8SP system (ADInstru-
ments), as previously described (56, 57). Blood pressure and heart rate 
were continuously monitored for 20–40 minutes until stable values were 
obtained. After the equilibration period and the recording of baseline 
blood pressure, mice were injected via the right internal jugular vein with 
cicaprost (1 µg/kg in 4 ml/kg saline) as a bolus, and the same volume of 
saline was injected before cicaprost administration to exclude volume-
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mediated blood pressure changes. The blood pressure was continuously 
recorded until it returned to pretreatment baseline.

Statistics
Statistical analyses were performed by 1-way ANOVA, followed by a pair-
wise comparison and/or adjustment for multiple comparisons, as appro-
priate and using a computerized software package (GraphPad Prism ver-
sion 4.0). All values were expressed as mean ± SEM. A value of P < 0.05 
was considered significant.
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