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Editorial

Few chemical compounds have demonstrated a controver-
sial association with a specific disease such as arachidonic 

acid with atherothrombosis. Arachidonic acid metabolism is 
deeply linked to atherothrombosis because compounds gener-
ated by this cascade, the eicosanoids, are key regulators of 
several pathophysiological processes critically involved in 
vessel homeostasis and blood clotting. After its release from 
membrane-bound phospholipids, arachidonic acid is metabo-
lized by 4 main pathways: (1) prostaglandin (PG) endoperoxi-
dase synthase, usually referred as cyclooxygenase (COX); (2) 
lipoxygenase; (3) P450 epoxygenase; and (4) nonenzymatic 
isoprostane biosynthesis1 (Figure 1). Among these pathways, 
cardiovascular research has mainly focused on COX-derived 
eicosanoids, usually called PGs. There are 2 main isoforms 
of COX, named COX-1 and COX-2, which are encoded by 2 
separate genes. Whereas COX-1 is constitutively expressed in 
many tissues, the expression of COX-2 is induced by several 
proinflammatory cytokines and growth factors. In the vascular 
tree, COX-1 is expressed in endothelial cells and in vascular 
smooth muscle cells (VSMCs) both in healthy vessels and in 
atheromatous areas. On the contrary, COX-2 expression is evi-
dent in atherosclerotic regions, and several proatherosclerotic 
stimuli (ie, oxidized low-density lipoprotein, angiotensin II, 
advanced glycation elements)2 as well as vascular injury3 may 
increase its expression. Notably, COX-2 is highly expressed in 
macrophages located in the shoulder region of atherosclerotic 
plaques, both in mice4 and in humans.5 In macrophages, the 
expression of COX-2 has predominantly proinflammatory and 
proatherosclerotic effects, and selective deletion of COX-2 in 
macrophages significantly hampers the progression of athero-
sclerosis in mice.4,6

Article, see p 104

Both COX isoforms catalyze the formation of PGH
2
, an un-

stable molecule that is further metabolized by other synthases 

and isomerases to produce different series of PGs (D, E, F, 
I) and thromboxane. Despite the first enzymatic step leading 
to PGH

2
 production being showed by every cell type, the ex-

pression of downstream enzymes displays considerable cell-
type specificity. In particular, the combined action of COX 
and PGE synthase (PGES) leads to the production of PGE

2
 

in macrophages. Three different isoforms of PGES have been 
identified, called cytosolic PGES and type 1/type 2 micro-
somal PGES (mPGES1; Figure 1). Although cytosolic PGES 
is constitutively expressed, mPGES-1 is induced in response 
to inflammatory stimuli and frequently colocalizes with COX-
2 in cell perinuclear membrane.7 It is noteworthy that evidence 
supports the view that the proatherogenic effects of COX-2 
are attributable to PGE

2
 production. Deletion of mPGES-1 in 

myeloid cells leads to a reduction of early atherosclerosis in 
mice.8 More interestingly, COX-2 and mPGES-1 colocalize 
in macrophages in the shoulder of atherosclerotic plaques, 
their expression is increased in atherosclerotic plaques from 
patients with recent ischemic stroke, and this promotes the 
release of proteinases involved in plaque destabilization5 
(Figure 2).

Nevertheless, COX-2 also is expressed in VSMCs,9 
together with the receptors for the main PGs, and may con-
tribute to angiotensin II–induced hyperplasia and hypertro-
phy.10 Remarkably, VSMCs play a key role in the first steps 
of atherosclerosis, and their proliferation is a hallmark of 
neointimal hyperplasia and restenosis after stent implantation. 
Involvement of COX-2 and mPGES-1 in these processes has 
been confirmed by the observation that selective inhibition of 
both these enzymes results in reduced hyperplasia after vas-
cular injury.3,8,11 Notably, these findings are in agreement with 
results from clinical trials in which treatment with selective 
COX-2 inhibitors reduced neointima proliferation after per-
cutaneous coronary angioplasty and drug-eluting stent place-
ment.12,13 Nevertheless, despite this beneficial effect on vessel 
restenosis, no effects (or perhaps an increase12 in cardiovascu-
lar events, ie, myocardial infarction) have been found in these 
patients. Furthermore, several clinical and epidemiological 
studies have raised doubts about the cardiovascular safety of 
COX-2 inhibition in humans.2,14 One potential explanation 
for this may be the presence of off-target effects of COX-2 
inhibition in other cells. In particular, COX-2 expression in 
endothelial cells and VSMCs is responsible for the production 
of prostacyclin (PGI

2
),9,15 a key regulator of vascular homeo-

stasis working as an inhibitor of leukocyte adhesion, plate-
let aggregation, and VSMC proliferation2,9 (Figure 2). Thus, 
the widespread inhibition of COX-2 may realize a dangerous 
disequilibrium in which the potential benefit of PGE

2
 reduc-

tion is counterbalanced by reduction in PGI
2
 synthesis. In this 
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light, the comprehension of the intimate mechanism(s) linking 
COX-2, PGE

2
, and arterial restenosis clearly represents a pri-

ority to overcome this limitation and improve the selectivity of 
therapeutic modulation.

In this issue of Circulation Research, Zhang et al16 have 
carefully investigated the downstream pathway of COX-2 to 
better-define the molecular regulators of VSMC proliferation. 
First, they have genetically silenced COX-2 expression, con-
firming that its inhibition has beneficial effects on neointima 

formation as reflected by lower luminal narrowing and reduc-
tion in intima-to-media ratio after vascular injury in COX-2 
knockout mice. Then, to confirm that these beneficial effects 
were not merely a consequence of PGI

2
 reduction (which is 

known to be involved in neointima formation)17 but in contrast 
were attributable to PGE

2
 deficiency, they also have realized 

transgenic mice in which COX-2 is substituted by COX-1 but 
is under the transcriptional control of COX-2 regulatory ele-
ments. In these mice, the production of PGE

2
 was restored 

Figure 1. The cyclooxygenases pathway. ECs indicates endothelial cells; EP, PGE2 receptor; DP, PGD2 receptor; FP, PGF2α receptor; 
IP, prostacyclin receptor; PLTs, platelets; TP, thromboxane receptor; and VSMCs, vascular smooth muscle cells.

Figure 2. Role of 
cyclooxygenases and 
prostaglandins in the different 
cell types in atherosclerosis 
development and 
progression. AMI indicates 
acute myocardial infarction; 
COX, cyclooxygenase; EP, 
PGE2 receptor; MMP, matrix 
metalloproteinases; mPGES, 
microsomal PGE2 synthase; 
PG, prostaglandin; PGI2, 
prostacyclin; PGIS, prostacyclin 
synthase; TxAS, thromboxane 
synthase; and VSMC, vascular 
smooth muscle cell.
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as compared with COX-2 knockout mice, whereas no differ-
ences were found in PGI

2
 metabolites (because their produc-

tion was mainly COX-2–dependent).9,15 Interestingly, these 
mice showed an exaggerate hyperplastic neointimal response 
when compared with both COX-2 knockout and wild-type 
mice. Taken together, these results suggest that during COX-
2 suppression, the beneficial effects of reducing PGE

2
 synthe-

sis in VSMCs and macrophages (recruitment is considerably 
increased after vascular injury) may greatly overlook the det-
rimental effects of PGI

2
 inhibition and may lead to reduction 

of neointima. After confirming the important role of PGE
2
 in 

restenosis, the authors also have examined in depth the tiny 
mechanism(s) leading to these effects. Now, it is well-known 
that PGE

2
 (as well as the other PGs) is an autacoid that ac-

tivates membrane receptors close to its site of synthesis, and 
its complex final effect depends on the activation of 4 differ-
ent EP receptors.1,2 All these EP receptors are members of 
the G-protein–coupled receptor family and are expressed in 
VSMCs, where they mediate both vasodilation (EP2/EP4) 
and vasoconstriction (EP1/EP3).18 Thus, correctly, the au-
thors have focused on the downstream signaling pathway of 
PGE

2
 in VSMCs. To do that, they have selectively inhibited 

each PGE
2
 receptor by both pharmacological tools and the 

RNA interference approach, thus demonstrating that only the 
blockage of EP3 receptor, in particular EP3α and EP3β sub-
types, may result in loss of VSMCs polarization (with forma-
tion of randomly oriented lamellipodia) and migration. These 
in vitro findings also were confirmed by in vivo experiments, 
showing that EP3 knockout mice have a reduced rate of reste-
nosis after wire injury, a condition that was reverted by len-
tiviral re-expression of EP3α and EP3β. Finally, the authors 
performed additional studies to demonstrate that activation of 
EP3α and EP3β leads to these effects by activation of small 
GTPases through both Gαi/cAMP/PKA and Gβγ/PI3K/Akt/
GSK3β pathways.

In conclusion, results from the study by Zhang et al16 may 
contribute to improving our knowledge about involvement of 
the COX-2 pathway in arterial restenosis and complete the 
puzzle of the coxibs saga. Furthermore, by identifying a new 
actor in the EP3 receptor for preventing in-stent restenosis, 
they point out a new target for future and more selective phar-
macological therapies.﻿﻿﻿‍
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