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In this issue of Circulation Research, Woollard et al
identify a critical role of pathologically elevated levels of
soluble P-selectin (sP-selectin) found in the plasma of

patients with peripheral arterial occlusive disease (PAOD)
that promotes the activation of neutrophils and induces their
adhesion to fibrinogen and platelet monolayers.1 P-selectin is
an inflammatory adhesion molecule expressed on activated
platelets and endothelial cells.2 During the last two decades,
the role of inflammatory cells and adhesion molecules in the
development and progression of vascular diseases has be-
come apparent, and it is now recognized that many of the
cellular and molecular events that underlie atherosclerotic
vascular disease are inflammatory in nature.3,4 One manifes-
tation of atherosclerosis is PAOD, which is characterized by
intermittent claudication and critical limb ischemia.5 The first
case of intermittent claudication caused by arterial occlusive
disease was described as early as 1831 by Jean Bouley, and a
few years later Heinrich Erb proposed walking as a therapy
for intermittent claudication6; however, the precise mecha-
nism of development of PAOD as well as the optimal
treatments of this disease still remain to be determined.

Numerous studies have identified soluble inflammatory
markers including acute phase proteins and adhesion mole-
cules as risk factors for cardiovascular disease, but it is
unclear whether they play causative roles as active partici-
pants in the initiation and maintenance of the inflammation
(mediators) or whether they merely indicate the existence of
the disease (markers). Soluble P-selectin is elevated in
patients with vascular disorders such as hypertension,7 hyper-
cholesterolaemia,8 unstable angina,9 or PAOD.10 However,
until now the implications of pathophysiologic levels of
sP-selectin found in the plasma of patients for the progression
of these cardiovascular diseases have remained unclear.

Patients with PAOD have significantly increased levels of
plasma sP-selectin (73 ng/mL compared with �17 ng/mL in
controls). This sP-selectin exists in about equal amounts as
monomers and dimers. Surprisingly, all sP-selectin seems to

be present in plasma, but not in microparticles, a class of
blood constituents derived from platelets, leukocytes, and
endothelial, smooth muscle, and other cells. The number of
platelet microparticles was previously shown to correlate
with increased levels of sP-selectin in patients with peripheral
artery disease.11 The absence of P-selectin from micropar-
ticles of PAOD patients must mean that immunoreactive
P-selectin is quantitatively removed from microparticles,
perhaps by a proteolytic shedding mechanism previously
described in platelets.12

A recent report showed that high concentrations of sP-
selectin (�1000 ng/mL) induce an intermediate state of
Mac-1 activation.13 Mac-1 is an integrin that is involved in
leukocyte adhesion to fibrinogen and other substrates,14 but
also in phagocytosis and initiation of oxygen radical produc-
tion. Whereas previous work reported the effect of sP-selectin
only under static conditions and did not account for possible
simultaneous effects of other plasma proteins,13 the present
report extends these findings to realistic concentrations of
sP-selectin and uses authentic plasma samples from PAOD
patients and matched controls to analyze a role of natural
forms of sP-selectin (monomer, dimer) in the induction of
neutrophil adhesion.1 Elevated levels of sP-selectin in plasma
of patients with PAOD induced profound activation of
neutrophils as detected by Mac-1 activation and enhanced
adhesion to fibrinogen and platelets under static conditions.
On platelet monolayers, this effect was also reproduced under
flow conditions. Only sP-selectin, but not sE-selectin, in-
duced adhesion to platelet monolayers. The effect of sP-
selectin was shear stress–dependent and found to be more
profound at low shear stress; therefore, the reported mecha-
nism of elevated neutrophil adhesion is likely to occur in
regions of low wall shear stress in vivo. The authors speculate
that such shear conditions might exist in arteries of PAOD
patients,1 but it is equally possible that the findings of the
present study may be relevant to diseases of the low-shear
portion of the vascular system, for example, deep vein
thrombosis.

sP-selectin–induced neutrophil adhesion was completely
P-selectin glycoprotein ligand-1 (PSGL-1)– dependent.
PSGL-1 mediates essentially all leukocyte binding to
P-selectin.15 Although the present study shows the impor-
tance of sP-selectin in the induction of elevated neutrophil
adhesion to fibrinogen and activated platelets, it remains to be
determined whether sP-selectin interaction with PSGL-1
expressed on monocytes and subsets of effector T lympho-
cytes would also lead to increased adhesion of these cells to
platelets and fibrinogen, perhaps further exacerbating the
development of PAOD.16 Although elevated sP-selectin level
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was found in plasma of PAOD patients, it is not clear whether
plasma would be the only source of P-selectin that might
affect Mac-1 activation on neutrophils in vivo. Blood from
PAOD patients probably contains aggregates of neutrophils
with activated platelets, which support additional mecha-
nisms of neutrophil activation.

A possible activation and interaction cascade during the
development of peripheral occlusive disease is presented in
the Figure. In blood of PAOD patients, sP-selectin interacts
with PSGL-1 on neutrophils with subsequent activation of
Mac-1 through Src kinase– dependent mechanisms. The
activation-dependent conformational change in monocyte
surface Mac-1 results in fibrinogen binding to Mac-1.17

PSGL-1 engagement by sP-selectin also leads to increased
neutrophil binding to fibrinogen via Mac-1. Although the
authors did not explore the molecular mechanisms of neutro-
phil binding to platelets, it is likely that, in addition to direct
P-selectin interactions with PSGL-1, activated Mac-1 binds
soluble fibrinogen, which in turn serves as a bridge by
binding to platelet �IIb�3 integrin.18 All these processes
promote the formation of neutrophil-platelet aggregates. A
similar bridging mechanism has been described for Mac-1
binding to endothelial ICAM-1 through a fibrinogen bridge.19

Neutrophils and monocytes activated by sP-selectin also
express tissue factor.17 In addition, sP-selectin is known to
promote the formation of tissue factor–rich microparticles.20

Both processes lead to activation of coagulation factors VII,
X, and thrombin, thus initiating fibrin formation and platelet
aggregation on inflamed endothelium.

As a consequence of these pathophysiological processes,
PAOD patients experience a double jeopardy: not only do
they have local disease in their arteries, but their plasma also
contains proinflammatory activity in the form of sP-selectin,
which activates neutrophils. The importance of neutrophil
activation in vascular disease is supported by a study in mice,
which showed that blocking neutrophil-platelet interactions
resulted in significantly decreased leukocyte accumulation

and reduced neointima formation after femoral artery wire
injury.21 Future studies will have to determine whether
sP-selectin found in plasma of patients with hypertension,
hypercholesterolemia, or unstable angina will promote simi-
lar effects, or whether the phenomena described in the present
study are specific for PAOD. This current study confirms and
extends the role of sP-selectin not only as a biomarker but
also as an actual enhancer of PAOD progression. The present
results reaffirm the possibility that blocking PSGL-1 or
P-selectin by antibodies or small molecules might effectively
prevent interactions of sP-selectin with circulating neutro-
phils and other inflammatory cells and might thus curb
vascular inflammation in PAOD and perhaps other cardio-
vascular diseases.

References
1. Woollard KJ, Kling D, Kulkarni S, Dart AM, Jackson S, Chin-Dusting.

Raised plasma soluble P-selectin in peripheral arterial occlusive disease
enhances leukocyte adhesion. Circ Res. 2006;98:149–156.

2. Vandendries ER, Furie BC, Furie B. Role of P-selectin and PSGL-1 in
coagulation and thrombosis. Thromb Haemost. 2004;92:459–466.

3. Ross R. Atherosclerosis: an inflammatory disease. N Engl J Med. 1999;
340:115–126.

4. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease.
N Engl J Med. 2005;352:1685–1695.

5. Ouriel K. Peripheral arterial disease. Lancet. 2001;358:1257–1264.
6. Bollinger A, Eckert J, Ruttimann B, Becker F. The “galloping” history of

intermittent claudication. Vasa. 2000;29:295–299.
7. Lip GY, Blann AD, Zarifis J, Beevers M, Lip PL, Beevers DG. Soluble

adhesion molecule P-selectin and endothelial dysfunction in essential
hypertension: implications for atherogenesis? A preliminary report.
J Hypertens. 1995;13:1674–1678.

8. Davi G, Romano M, Mezzetti A, Procopio A, Iacobelli S, Antidormi T,
Bucciarelli T, Alessandrini P, Cuccurullo F, Bittolo BG. Increased levels
of soluble P-selectin in hypercholesterolemic patients. Circulation. 1998;
97:953–957.

9. Ikeda H, Takajo Y, Ichiki K, Ueno T, Maki S, Noda T, Sugi K, Imaizumi
T. Increased soluble form of P-selectin in patients with unstable angina.
Circulation. 1995;92:1693–1696.

10. Kirk G, McLaren M, Muir AH, Stonebridge PA, Belch JJ. Decrease in
P-selectin levels in patients with hypercholesterolaemia and peripheral
arterial occlusive disease after lipid-lowering treatment. Vasc Med. 1999;
4:23–26.

Woollard et al show that soluble
P-selectin exists in plasma from PAOD
patients as monomer and dimer (top
right). sP-selectin binding to PSGL-1
(black antennae) on neutrophils triggers a
signaling cascade (curved black arrow,
details unknown, but may require src
kinases) to activate Mac-1 (�M�2 integrin
heterodimer), enabling it to bind to acti-
vated platelets, presumably through
ICAM-2, and to bind to fibrinogen, which
can then indirectly bridge (dashed
arrows) to endothelial cells (through
ICAM-1, not shown) and platelets
(through �IIb�3 integrin, not shown). The
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