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Abstract

Medial degeneration and inflammation are features of abdominal aortic aneurysms (AAAs). However, the early inflammatory
event initiating aneurysm formation remains to be identified. Activated platelets release abundant proinflammatory
cytokines and are involved in initial inflammation in various vascular diseases. We investigated the role of platelets in
progression of AAA in vivo and in vitro. Histological studies of tissues of patients with AAA revealed that the number of
platelets was increased in aneurysm sites along with the increased infiltration of T lymphocytes and augmented
angiogenesis. In a murine model of AAA, apolipoprotein E-knockout mice infused with 1,000 ng/kg/min angiotensin II,
treatment with clopidogrel, an inhibitor of platelets, significantly suppressed aneurysm formation (47% decrease, P,0.05).
The clopidogrel also suppressed changes in aortic expansion, elastic lamina degradation and inflammatory cytokine
expression. Moreover, the infiltration of macrophages and production of matrix metalloproteinases (MMPs) were also
significantly reduced by clopidogrel treatment. In vitro incubation of macrophages with isolated platelets stimulated MMP
activity by 45%. These results demonstrate a critical role for platelets in vascular inflammation and AAA progression.
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Introduction

Abdominal aortic aneurysm (AAA), a major disease affecting the

aorta, is common among people over the age of 65 [1]. Currently,

no therapy exist to prevent the development of AAA [2].

The natural history of AAA is expansion and rupture [2].

Pathological processes involve biochemical, cellular and proteo-

lytic influences and biomechanical factors. The formation and

development of AAA is characterized by aortic wall inflammation

and progressive degradation of extracellular matrix proteins [3,4].

Studies have demonstrated infiltration of inflammatory cells, such

as macrophages, T cells, neutrophils [5] and dendritic cells [6],

into the aortic wall. The infiltration of these inflammatory cells is

considered a pathogenic mediator of AAA [7]. However, early

events that initiate infiltration of the inflammatory cells into the

aortic wall have not been clearly defined.

Platelets are small, regularly shaped clear cell fragments derived

from precursor megakaryocytes in the bone marrow [8]. The

function of platelets includes wound healing, secretion of cytokines

and leukocyte interactions. Platelets facilitate clotting of blood to

produce hemostasis and thrombosis and also contribute to

endothelial dysfunction and modulate various inflammatory

responses in vascular diseases [9,10]. Dai et al found that platelet

activation was involved in progression of AAA [11]. However,

clinical studies demonstrated that anticoagulants might lead to

adverse clinical events including recurrence and rupture in the

treatment of aortic dissection [12,13,14]. Therefore, the releation-

ship between platelets and AAA progression remain unclear

[11,12,13,14,15,16].

In this study, we explored the roles of platelets on AAA

progression with both human AAA samples and a murine AAA

model. We found platelet deposition in both the aorta wall of

human AAA and mouse model of AAA. Clopidogrel treatment

significantly prevented the progression of AAA in angiotensin II

(Ang II)-infused apolipoprotein E (ApoE)-knockout mice. Inhibi-

tion of platelet substantially decreased inflammatory cells recruit-

ment, reactive oxygen species (ROS) production and MMP

activation in macrophages.

Materials and Methods

Patient specimens
Surgical specimens were obtained from AAA patients undergo-

ing elective repair at Beijing Anzhen Hospital. The control aortic
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samples were obtained from heart transplantation donors at

Beijing Anzhen Hospital. All protocols involving human speci-

mens were approved by the Institutional Review Board at Beijing

Anzhen Hospital. Each subject provided their written informed

consent.

Experimental animals
Animal experiments were conducted in accordance with

experimental protocols that were approved by the Institutional

Animal Care and Use Committee at Capital Medical University;

all experiments conformed to the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of

Health (NIH Publication No. 85-23, revised 1996). ApoE-

knockout mice in C57BL/6 background were from the Jackson

Laboratory. After at least 48-hr acclimatization, mice (8–10 week

old, male) were randomly assigned to 3 groups for treatment:

infusion of normal saline (placebo control), Ang II (1,000 ng/kg/

min, Sigma, St. Louis, MO), or Ang II plus clopidogrel (30 mg/kg

injected intraperitoneally, Sanofi-Aventis, Tokyo, Japan). Clopi-

dogrel, a 75-mg tablet, was dissolved in 0.9% saline under sterile

conditions. Daily treatment with clopidogrel was initiated 1 week

before Ang II infusion and continued throughout the study. After 4

weeks, animals were anesthetized with an intraperitoneal injection

of pentobarbital (40 mg/kg). Then the abdominal and thoracic

cavities were isolated, blood was drawn from the right ventricle for

lipid analysis, and aortas were perfused with normal saline and

fixed with 10% phosphate-buffered formalin at physiological

pressure for 5 min [17]. Under a dissection microscope (SM2-

1000, Nikon, Tokyo, Japan), the abdominal aortas were exposed

and measured the maximal aortic diameter. The abdominal aortas

(from the last intercostal artery to the ileal bifurcation) were

harvested, weighed, fixed for 24 hr, embedded in paraffin, and

underwent elastin or Carstairs staining or used for immunostain-

ing.

AAA is defined as $50% enlargement of the maximal

abdominal aorta diameter. Necropsy was performed as soon as

the animals expired before sacrifice. Considering tissue degrada-

tion, these animals were excluded in the histological analysis, but

used only for mortality data.

Implantation of mini-osmotic pumps
Osmotic pumps (Alzet MODEL 2004, DURECT, Cupertino,

CA) were loaded with individual concentrations of Ang II to

ensure the delivery of 1,000 ng/kg/min of Ang II and inserted

subcutaneously into the anesthetized mice through a small incision

on the back of the neck.

Blood pressure measurement and aortic monitoring by
ultra-high frequency ultrasonography

Systolic blood pressure (SBP) was obtained 1 week before the

implantation of the mini-osmotic pumps in mice and the last 3

days of the study by use of a noninvasive tail-cuff system (BP-98A,

Softron, Tokyo, Japan) [18]. Aorta imaging was performed at

intervals up to 28 days after mini-pump implantation by use of a

high-resolution Micro-Ultrasound system (Vevo 2100, VisualSo-

nics, Toronto, Canada) equipped with a 30-MHz transducer.

Color Doppler examination was performed to detect arterial flow.

Bleeding time
Bleeding time was assessed in mice by a tail transection method

[19]. Briefly, the mouse tail was kept steady and immersed in

saline thermostated at 37uC before sacrifice. After 2 min, we

transected the tip of the tail with a razor blade 2 mm from the tail

end. The tail was reimmersed in warm saline immediately, and the

bleeding time was recorded. The end point was an arrest of

bleeding lasting for more than 30 sec. The maximum bleeding

time recorded was 900 sec.

Immunohistochemistry and staining for elastin and
platelets

Formaldehyde-fixed paraffin sections from mouse aortas were

incubated at 4uC overnight with primary antibodies against CD41

(1:100 dilution), CD8 (1:200 dilution), CD31 (1:100 dilution) or

MMP2 (1:1000 dilution; all Abcam, Cambridge, MA); monocyte

chemoattractant protein 1 (MCP-1; 1:400 dilution) or Mac2 (1:400

dilution; both Santa Cruz Biotechnology, Santa Cruz, CA), or a-

smooth muscle actin (clone 1A4, 1:400 dilution; Sigma, St. Louis,

MO). Negative controls were omission of the primary antibody, or

with goat non-immune IgG, rabbit non-immune IgG or secondary

antibody only; in all cases, negative controls showed insignificant

staining. Immunostaining data were quantified with blinded

manner to the treatment groups.

For elastin staining, tissue samples were embedded in paraffin,

cut, then stained with van Gieson staining using a commercial Kit

(Maixin, Fuzhou, China). Platelet staining was performed by the

Carstairs staining Kit (Electron Microscopy Sciences, Hatfield,

USA) according to the manufacturer’s instructions.

MMP activity
For in situ detection of gelatinolytic activity, mouse aortic tissues

were embedded vertically in OCT (Tissue-Tek; Miles Inc.,

Elkhart, Illinois, USA), frozen and cut into serial 10-mm sections.

Freshly cut frozen aortic sections were incubated in a dark

humidified chamber at 37uC with a fluorogenic gelatin substrate

(DQ gelatin, Molecular Probes, Eugene, OR) dissolved to 25 mg/

ml in zymography buffer (50 mM Tris-HCL pH 7.4 and 15 mM

CaCL2) according to the manufacturer’s protocol. The sections

were examined by a Nikon Eclipse TE2000-S microscope (Nikon,

Japan) and analyzed by a blinded manner with use of Image Pro-

Plus 3.0 (Nikon). Proteolytic activity was detected as bright green

fluorescence (530 nm).

To examine the role of platelets in macrophage-derived MMP

activation, mice macrophages and platelets were isolated as

described below. Macrophages (16105) were plated onto 12-well

plates precoated with melted gelatin solution containing DQ

gelatin (50 mg/ml, Molecular Probes). Freshly isolated platelets

were added at 1:1 ratio to macrophages in half of the plates. Cells

were incubated for 20 hr at 37uC. Proteolysis of DQ-gelatin (green

fluorescence) was observed in live cells with use of a fluorescence

inverted microscope (Leica Imaging Systems Ltd, Cambridge,

UK).

ROS analysis
Dihydroethidine hydrochloride (5 mM, Molecular Probes) was

used to evaluate the in situ production of ROS. Freshly cut frozen

mouse aortic sections were incubated with dihydroethidium

(DHE; 10 mM) for 30 min at 37uC [20]. Sections were examined

by Nikon Eclipse TE2000-S microscope to reveal the presence of

ROS as red fluorescence (585 nm). All sections are shown with the

luminal aspect facing upwards and the adventitia facing down-

wards.

Preparation of mouse macrophages and platelets
Peritoneal macrophages from C57BL/6 mice were prepared as

described [21]. Briefly, mice were injected intraperitoneally with

1.5 ml of 3.85% Brewer’s thioglycolate solution (BD PharMingen,

Inhibition of Platelet Prevents Aortic Aneurysm
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San Diego, CA). After 4 days, macrophages were harvested by

lavage with 5 ml PBS. The cells were spun down and resuspended

in fresh growth medium (DMEM) and seeded in slide chambers.

Two hours after seeding, cultures were washed with PBS to

remove non-adherent cells and fresh growth media was applied to

establish primary cultures.

Murine platelets were prepared as described [22]. Briefly,

animals were anesthetized and bled by cardiac puncture. Blood

was collected into syringes containing acid citrate dextrose and

spun at 100 g for 15 min. The platelet-rich plasma was obtained

and spun at 1,000 g for 10 min. Washed platelets were

resuspended in Tyrodes buffer (134 mM NaCl, 2.9 mM KCL,

0.34 mM Na2PO4, 12 mM NaHCO3, 20 mM HEPES, 1 mM

MgCl2, 5 mM glucose and 0.5 mg/ml BSA [pH to 6.5]). To

activate platelets, thrombin (0.5 U/ml) was added.

Macrophage migration assay
Cell migration was quantitated in duplicate by use of 24-well

Transwell inserts with polycarbonate filters (8-mm pore size)

(Corning Costar, Acon, MA). Macrophage (2.56103 in 250 mL

DMEM high-glucose medium/10% FBS) was added to the upper

chamber of the insert. The lower chamber contained macrophag-

es(1.06105) alone, activated platelets (1.06108) alone or activated

platelets (1.06108) and macrophages cocultured in 1 mL RPMI

1640 medium/10% FBS isolated from WT mice. The plates were

incubated at 37uC in 5% CO2 for 18 hr. Cells that had migrated

were counted by use of DAPI staining. The cells on the top of the

membrane were scrraped prior to staining. For each group, 10–20

fields were chosen randomly to count migrated macrophage and

were analyzed in double-blind fashion.

Statistical analysis
Quantitative results are expressed as mean 6 SD. Differences

between 2 groups were analyzed by Student’s t test and among

multiple groups by one-way ANOVA. Fisher exact test was used to

analyze categorical data. Mann-Whitney test was used to analyze

distribution of elastic lamina degradation grades. Data were

analyzed by use of GraphPad software (GraphPad Prism version

5.00 for Windows; GraphPad Software). A P,0.05 was considered

statistically significant.

Results

Platelets deposition in human aortas with or without
AAA

To establish a role for platelets in AAA progression, we

evaluated the platelet deposition in human aortas with or without

AAA. Immunostaining analysis demonstrated large numbers of

platelets in the aortic wall of AAA lesions compared to normal

aortas, as assessed by the platelet-specific marker CD41

(Fig. 1A&B). Because inflammation is involved in the progression

of AAA, we then examined CD8+ T-cell infiltration, an early event

of inflammation [23], and microvessel formation. As shown in

Figures 1C&D, the number of infiltrating CD8+ T cells was

greater in the human aortic wall of AAA lesions than in normal

aortic tissue. The number of microvessels identified by CD31-

positive staining was also markedly increased in the AAA lesions,

consistent with the enhanced inflammatory response (Fig. 1E&F).

These data established an association between the platelets

deposition, inflammatory cell infiltration and AAA in patients.

Clopidogrel prolonged bleeding time but did not affect
SPB or lipid profile in mice

To determine a mechanistic link between platelet deposition

and AAA formation, we inhibited platelet activities with the

antiplatelet drug clopidogrel in Ang II-infused ApoE-knockout

mice, a murine model of AAA. As evidence of the effectiveness of

platelet inhibition, intraperitoneal injection of clopidogrel signif-

icantly prolonged bleeding time in Ang II-infused mice (Ang II

only, 108.9622.3 sec, n = 11; Ang II+ clopidogrel, .900 sec,

n = 13; p,0.05, Table 1).

Ang II treatment in mice increased SBP from a baseline of

106.368.3 to 150.469.7 mm Hg after 28 days’ infusion (Table 1).

Intraperitoneal injection of clopidogrel did not affect mouse blood

pressure. All ApoE-knockout mice showed severe hyperlipidemia.

However, neither infusion of Ang II nor treatment with

clopidogrel significantly affected the levels of total cholesterol or

triglycerides determined at the conclusion of the study (Table 1).

Platelet inhibition blocks Ang II-induced AAA formation
Ultrasonography was used to measure AAA at intervals for up

to 28 days after Ang II infusion (Fig. 2A). Notably, AAA formation

was significantly reduced in Ang II-infused ApoE-knockout mice

by clopidogrel treatment (incidence 20% vs. 67%, P,0.05, Fig. 2

B&C). In addition, effects of Ang II-infusion on the weight (Fig. 2D)

and size (Fig. 2E) of aortas were significantly (P,0.05) attenuated

by clopidogrel treatment.

Platelet inhibition protects the elastic and vascular
smooth muscle cell lamina in aorta but does not prevent
AAA rupture

Elastin is the primary component of the media, constituting

approximately 30% of the dry weight of aortas [24]. The elastic

lamina is frequently disrupted and degraded in mice with AAA

[25]. As shown in Figures 3A&B, clopidogrel treatment prevented

elastin degradation after Ang II treatment for 4 weeks. Moreover,

smooth muscle actin-positive area was preserved in aortas with

clopidogrel treatment (Fig. 3C). These data suggest that protection

of elastic and smooth muscle lamina is a major effect in

suppression of AAA formation with clopidogrel treatment.

The most common complication of aortic aneurysms is acute

rupture or dissection [26]. We analyzed aneurysm rupture by the

presence of thrombus detected at the time of necropsy and by

microscopy confirmation of elastin band rupture with associated

dissection and organized formation in the aortic wall (Fig. 3D&E).

When these microscopic elastin band ruptures evolve into a

complete aortic wall rupture, the animal is going to die. Over the 4

weeks of Ang II infusion, 62.5% of the AAA mice infused with Ang

II alone were found to have aneurysm rupture as compared with

66.7% of AAA mice receiving clopidogrel, and there was no

significant difference in the incidence of aneurysm rupture

between the 2 groups (Table 1).

Platelet inhibition decreases macrophage infiltration into
aneurysm tissue

Inflammation in the vasculature is a critical event for AAA

formation, and infiltration of inflammatory cells plays a key role in

the inflammatory process. To determine whether platelet inhibi-

tion affected vascular inflammation associated with AAA forma-

tion, we examined macrophages infiltration with serial tissue

sections from mice prepared at the same distance from the point of

maximal aortic diameter. As shown in Figures 4A&B, macro-

phages infiltration in AAA aortas, as assessed by Mac2+ cell

number, was significantly reduced with clopidogrel treatment.

Inhibition of Platelet Prevents Aortic Aneurysm
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To elucidate the mechanism by which platelet inhibition

participates in the inflammatory response, we analyzed the

expression of MCP-1 in the aortic wall for its known role in

macrophage recruitment and AAA formation [27,28]. Clopidogrel

treatment significantly decreased the expression of MCP-1 in the

aortas of Ang II-treated mice (Fig. 4C&D). Thus, platelet

inhibition suppressed the vascular inflammatory response in AAA.

Platelet inhibition prevents Ang II-induced MMP
activation and ROS production in aorta

Macrophage-derived MMPs play a pivotal role in AAA

development and aortic rupture [27,29]. Because clopidogrel

treatment significantly attenuated infiltration of macrophages, we

hypothesized that the expression and activity of MMPs would be

Figure 1. Platelet deposition in human aortas with or without abdominal aortic aneurysm (AAA). A, Representative CD41
immunohistochemical staining. B, CD41 expression in human aortas with AAA (n = 3) compared with control (n = 3). *P,0.05. C, Representative CD8
staining. D, CD8+ T-cell infiltration in human aortas with AAA (n = 3) compared with control (n = 3). *P,0.05. E, Representative immunostaining of
CD31. F, CD31 staining of human aortas with AAA (n = 3) compared with control (n = 3). *P,0.05. Bar = 50 mm.
doi:10.1371/journal.pone.0051707.g001

Inhibition of Platelet Prevents Aortic Aneurysm
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Table 1. Clopidogrel treatment prolonged bleeding time without any effect on lipid and blood pressure.

Item
Saline
(n = 5)

AngII
(n = 11)

AngII+Clog
(n = 13) p

Lipid fractions, mg/dL Total cholesterol 782.3648.6 836.2654.1 789.9669.7 NS

Triglycerides 188.4632.7 188.8636.9 177.2615.4 NS

Systolic blood pressure, mm Hg Before treatment 105.766.2 106.368.3 105.565.9 NS

After infusion 104.466.9 150.469.7{ 149.3610{ P,0.05

Bleeding time,second 116.8631.6 108.9622.3 .900* P,0.05

AAA formation, n (%) None 8 (66.7) 3 (20.0)* P,0.05

AAA rupture, n (%) None 5 (62.5) 2 (66.7) NS

Effect of clopidogrel and angiotensin II (Ang II) on lipid levels, systolic blood pressure and bleeding time in apolipoprotein E (ApoE)-knockout mice.
{P,0.05 compared with saline infusion or before treatment.
*P,0.05 compared with control or Ang II-treated only mice.
NS, no significant difference.
Results are mean 6 SD.
doi:10.1371/journal.pone.0051707.t001

Figure 2. Platelet inhibition prevents angiotensin II (Ang II)-induced AAA formation in mouse aortas. A, Representative
ultrasonography images of aortas from mice treated with saline (above), Ang II (center) and Ang II+clopidogrel (below).Ts = thrombus. B,
Representative photographs showing macroscopic features of aortas from mice treated with saline (left), Ang II (center), and Ang II+clopidogrel (Ang
II+Clog) (right). Arrows indicate typical aortic aneurysms. C, The incidence of Ang II-induced AAA in Ang II-treated mice (n = 12) compared with Ang
II+clopidogrel-treated mice (n = 15). *P,0.05 vs. Ang II. D, The abdominal aortic weight of Ang II-treated mice (n = 11) compared with Ang
II+clopidogrel-treated mice (n = 13). *P,0.05 vs. Ang II. E, Maximal abdominal aortic diameter in Ang II-treated mice (n = 11) and Ang II+clopidogrel-
treated mice (n = 13). Lines represent the mean. *P,0.05 vs. Ang II.
doi:10.1371/journal.pone.0051707.g002

Inhibition of Platelet Prevents Aortic Aneurysm
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decreased with platelet inhibition. We then examined MMP-2

expression and MMP gelatinolytic activity in mice aortas with and

without clopidogrel treatment. As shown in Figures 4E&F, MMP-

2 expression in the aortic tissues of ApoE-deficient mice infused

with Ang II was significantly reduced with clopidogrel treatment

(P,0.05). Furthermore, in situ zymography showed significantly

reduced MMP activity in the aortas of mice with clopidogrel

treatment (Fig. 5A&B).

Oxidative stress could trigger activation of latent proforms of

MMPs in aorta [30]. To further investigate the mechanisms by

which platelet inhibition decreases MMP expression and activa-

tion, we performed in situ DHE staining for ROS production in

aorta. As shown in Figures 5C&D, ROS production was

significantly reduced in Ang II-treated mice aortas with clopido-

grel treatment.

Platelets activates macrophage MMPs
To demonstrate the role of platelets in regulation of MMP

activity, macrophages and platelets were isolated and cocultured in

a 1:1 ratio, and MMP activity was assessed by in situ zymography.

As shown in Figures 6A&B, macrophage MMP activity was

significantly increased in the presence of platelets.

Platelet is essential for macrophage migration
To determine the role of platelets in inflammatory cells

infiltration, we performed a transwell migration assays. As shown

in Figures 6C&D, coculture of platelets with macrophages

increased macrophage migration significantly.

Discussion

Inflammation plays a critical role in AAA formation. However,

the early event initiating inflammation and AAA formation is still

unknown. In this study, we found a large number of platelets and

inflammatory cells in tissues of patients with AAA. Furthermore,

treatment with clopidogrel, an inhibitor of platelets, in a murine

model of AAA (ApoE-knockout mice infused with Ang II)

significantly suppressed macrophage infiltration, ROS production

and activation of MMPs, for a 47% decrease (P,0.05) in AAA

formation. Interestingly, there was no significant difference in the

incidence of aneurysm rupture with and without clopidogrel.

Figure 3. Platelet inhibition protects the elastic and vascular smooth muscle cell lamina in mouse aortas. A&B. Elastin degradation
grading (4 grades) in Ang II-treated and Ang II+clopidogrel-treated mice. P,0.05. C. Representative immunostaining for a-smooth muscle actin (a-
SMA) in aortic cross-sections. D. Aortas underwent Carstairs staining, in which platelets stain gray blue, fibrin red and collagen blue. Platelet-rich
thrombi (PT) are highlighted in Ang II-treated rather than Ang II+clopidogrel-treated mice. E. Elastin van Gieson staining of aortic cross-sections of
Ang II-treated and Ang II+clopidogrel-treated mice. Arrows display an area of complete elastic lamina rupture in Ang II-treated mice. Bar = 50 mm.
doi:10.1371/journal.pone.0051707.g003

Inhibition of Platelet Prevents Aortic Aneurysm
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In an rat AAA model by chronic rejection of arterial allografts

and xenografts, Dai et al found that blocking platelet activation

with AZD6140 limited intraluminal thrombus biologic activities

and impaired aneurysm development [11]. The result is obvious

since platelets activation has been reported to be involved in

xenograft immune rejection [31,32,33]. It is still unclear the roles

platelets played in a natural AAA progression. Fouser reported

intravascular hemolysis, disseminated intravascular coagulation,

and a prolonged bleeding time in an AAA patient [15]. Bradbury

et al performed a case record review of 65 AAA patients and found

a direct correlation between platelet count on admission to the

hospital and death after emergency repair of ruptured AAA [16].

Recent studies also demonstrate that anticoagulants might be

responsible for a prolonged healing process and adverse clinical

events including recurrence and rupture in the treatment of aortic

dissection [12,13,14]. Given these inconsistent results, we inves-

tigated the effects of platelets inhibition on AAA initiation and

progression and its mechanistic link using human AAA samples

and the murine Ang II–infusion model of AAA.

The murine Ang II-infusion model of AAA share several

biochemical and cellular similarities with human AAA [34].

Pathological features of this model include leukocyte infiltration,

medial degeneration, and thrombus formation, all hallmarks of

human AAA pathology [35]. These characteristics make it suitable

for the study of platelets roles played in AAA initiation and

progression. Clopidogrel, a platelet P2Y12 receptor inhibitor, has

become an important therapeutic agent for patients with coronary

heart disease [36]. It attenuates platelet activation and thus

represents an effective pharmacological target for the inhibition of

platelet aggregation [37].

Platelets and platelet-derived factors are long known to have a

role beyond hemostasis in vascular diseases such as atherosclerosis

Figure 4. Platelet inhibition contributes to impaired inflammatory response and matrix metalloproteinase (MMP) expression in
mouse aortas. A. Representative Mac-2 staining of suprarenal aortas form Ang II-treated and Ang II+clopidogrel-treated mice. B. Macrophage
infiltration in abdominal aortas from Ang II-treated (n = 10) and Ang II+clopidogrel-treated (n = 10) mice. *P,0.05 compared with Ang II-treated mice
only. C. Representative monocyte chemoattractant protein 1 (MCP-1) staining of suprarenal abdominal aortas from Ang II-treated and Ang
II+clopidogrel-treated mice. D. MCP-1 expression in abdominal aortas from Ang II-treated (n = 10) and Ang II+clopidogrel-treated (n = 10) mice.
*P,0.05 compared with Ang II-treated mice only. E. Representative immunostaining of MMP2 in suprarenal aortas from Ang II-treated and Ang
II+clopidogrel-treated mice. F. Extent of MMP2 expression in abdominal aortae from Ang II-treated (n = 10) and Ang II+clopidogrel-treated (n = 10)
mice. *P,0.05 compared with Ang II-treated mice only. All sections are shown with the lumen facing up. Bar = 50 mm.
doi:10.1371/journal.pone.0051707.g004

Inhibition of Platelet Prevents Aortic Aneurysm
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and coronary artery disease [38]. Once vascular injury occurs,

damaged vascular endothelial cells initiate an antifibrinolytic-

coagulation cascade, which triggers the formation of blood clots

[39]. Platelets accumulate within seconds to sites of vascular

lesions and promote inflammation. Platelets are an important

source of proinflammatory mediators and cytokines that can

recruit inflammatory cells such as T lymphocytes and macro-

phages [32]. Previous studies found that vascular inflammation in

the aortic wall has a pivotal role in AAA progression [7]. The

recruitment of inflammatory cells accelerates AAA lesion devel-

opment [7]. In agreement with these reports, we demonstrated a

positive association of deposition of platelets and infiltration of

inflammatory cells both in histological study of human AAA

samples and in mouse experiments (Fig. 1&3D, Fig. 4A&B).

Furthermore, we found enhanced infiltration of macrophages and

expression of MCP-1 in the aortas of Ang II-treated mice, but such

changes were suppressed by the platelet inhibitor clopidogrel

(Fig. 4A–D).

Infiltration of inflammatory cells contributes to local inflamma-

tion through the secretion of inflammatory mediators, including

cytokines, chemokine, oxygen radicals, and MMPs [7]. The

expression of MMPs and ROS is a key mechanism in the

initiation, progression and complications of AAA [7]. We found

decreased MMP and ROS production in the aortic wall of Ang II-

treated mice with clopidogrel treatment (Fig. 4E&F, Fig. 5C&D).

Our findings suggest an important contribution of platelets in

augmenting MMP activity in macrophages (Fig. 5A&B,

Fig. 6A&B). Furthermore, both VSMC and endothelial cells

(ECs) of the aorta have been shown to release MMP upon

activation [25,40]. It is also reported that platelet-derived

chemokines regulate the MMP expression of VSMC and ECs

[41,42]. Therefore, our observed results of that clopidogrel

protection of AAA could also be resulted from platelet regulation

of VSMC and ECs.

Taken together, our results suggest that platelets contribute to

the pathogenesis of AAA by activating MMP macrophages along

with infiltration of inflammatory cells in the aortic wall. Platelets

and their interaction with inflammatory cells are essentially

involved in the initiation and progression of AAA. We character-

ized four pathological mechanisms by which platelet activation

promotes AAA formation. First, platelet activation stimulates the

recruitment of macrophages, contributes to ROS production

synergistically with Ang II in aortas, and promotes MMP activity

by inducing macrophage infiltration and augmenting ROS

generation, and finally, activated MMPs induce the aortic

degradation and rupture in mice.

The identification of platelets as a mediator of tissue damage

associated with inflammation provides insight into the mechanism

underlying a therapeutic intervention. The main AAA manage-

ment approaches have been open surgical repair and endovascular

stent-grafting [36]. However, the procedure is associated with

significant operative risks and complications, so further elucidating

Figure 5. Platelet inhibition prevents MMP activity and reactive oxygen species (ROS) formation in mouse aortas. A. In situ
zymography for gelatinase activity. Aortas from Ang II-treated and Ang II+clopidogrel-treated mice were analyzed. B. Densitometric analysis of MMP
activity by DQ gelatin (a fluorogenic substrate used to detect protease activity) in aortas from Ang II-treated (n = 3) and Ang II+clopidogrel-treated
(n = 3) mice. *P,0.05 compared with Ang II-treated mice only. C. In situ dihydroethidium (DHE) staining of aortas from Ang II-treated and Ang
II+clopidogrel-treated mice. Green fluorescence in the media, observed in both groups, is due to elastin fiber autofluorescence. All sections are shown
with the lumen at the top. D. Densitometric analysis of DHE fluorescence in aortas from Ang II-treated (n = 3) and Ang II+clopidogrel-treated (n = 3)
mice. *P,0.05 compared with Ang II-treated mice only. Bar = 50 mm.
doi:10.1371/journal.pone.0051707.g005
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the mechanisms of AAA formation and exploring a therapeutic

target for AAA disease is important.

However, although platelet inhibition led to a 47% decrease in

AAA formation, we found no significant difference in the

incidence of aneurysm rupture with and without clopidogrel. This

observation may be due to the roles of platelets in hemostasis.

AAA wall stress has a high sensitivity and specificity in AAA

rupture risk assessment [43]. The peak wall stress was higher for

ruptured than nonruptured or asymptomatic AAA [44,45].

Aneurysm rupture occurs when the arterial wall is unable to resist

the dilating force of arterial pressure. Intraluminal thrombus could

significantly lower AAA wall stress, and the effect is stronger for

thicker and stiffer thrombi [46,47]. Blood platelets have been

implicated in catalyzing the formation of stable blood clots via

coagulation cascade. Clopidogrel treatment could significantly

inhibit the roles platelets play in the inflammatory process and in

thrombosis. As we found, platelet inhibition led to a decrease in

AAA formation by reducing the vascular inflammatory response.

In summary, this study provides evidence of the involvement of

platelets in concert with other inflammatory cells and suggests a

key role for platelet activation in AAA formation and other

cardiovascular diseases associated with inflammation.
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Figure 6. Platelet inhibition prevents mouse macrophage-derived MMP activity and macrophage migration in vitro. A. Colocalization
of cells and activated MMPs. Cell nuclei were visualized by DAPI (blue) and activated MMPs were detected by DQ gelatin (green) (white arrows). B.
Densitometric analysis of MMP activity by DQ gelatin in platelets cultured alone (n = 3), macrophages cultured alone (n = 3) and
macrophages+platelets coculture (n = 3). *P,0.05 compared with macrophages cultured alone. #P,0.05 compared with platelets cultured alone.
C. Transwell assay of macrophages migration. Macrophages were placed on the upper chambers of transwell insets. The lower chamber was
consisted of macrophage, platelets alone or macrophages+platelets coculture. Macrophages that had migrated to the lower chamber was counted
by DAPI staining. D. Number of macrophages migrated to the lower chamber. *P,0.05 compared with macrophages cultured alone. #P,0.05
compared with platelets cultured alone. Bar = 50 mm. PLA, platelet. MQ, macrophage.
doi:10.1371/journal.pone.0051707.g006

Inhibition of Platelet Prevents Aortic Aneurysm

PLOS ONE | www.plosone.org 9 December 2012 | Volume 7 | Issue 12 | e51707



References

1. Kuivaniemi H, Platsoucas CD, Tilson MD, 3rd (2008) Aortic aneurysms: an

immune disease with a strong genetic component. Circulation 117: 242–252.
2. Thompson RW (2002) Detection and management of small aortic aneurysms.

N Engl J Med 346: 1484–1486.
3. Curci JA, Liao S, Huffman MD, Shapiro SD, Thompson RW (1998) Expression

and localization of macrophage elastase (matrix metalloproteinase-12) in

abdominal aortic aneurysms. J Clin Invest 102: 1900–1910.
4. Freestone T, Turner RJ, Coady A, Higman DJ, Greenhalgh RM, et al. (1995)

Inflammation and matrix metalloproteinases in the enlarging abdominal aortic
aneurysm. Arterioscler Thromb Vasc Biol 15: 1145–1151.

5. Lindeman JH, Abdul-Hussien H, van Bockel JH, Wolterbeek R, Kleemann R

(2009) Clinical trial of doxycycline for matrix metalloproteinase-9 inhibition in
patients with an abdominal aneurysm: doxycycline selectively depletes aortic

wall neutrophils and cytotoxic T cells. Circulation 119: 2209–2216.
6. Kajimoto K, Miyauchi K, Kasai T, Shimada K, Kojima Y, et al. (2009) Short-

term 20-mg atorvastatin therapy reduces key inflammatory factors including c-
Jun N-terminal kinase and dendritic cells and matrix metalloproteinase

expression in human abdominal aortic aneurysmal wall. Atherosclerosis 206:

505–511.
7. Bruemmer D, Collins AR, Noh G, Wang W, Territo M, et al. (2003)

Angiotensin II-accelerated atherosclerosis and aneurysm formation is attenuated
in osteopontin-deficient mice. J Clin Invest 112: 1318–1331.

8. Pyo R, Lee JK, Shipley JM, Curci JA, Mao D, et al. (2000) Targeted gene

disruption of matrix metalloproteinase-9 (gelatinase B) suppresses development
of experimental abdominal aortic aneurysms. J Clin Invest 105: 1641–1649.

9. Sakalihasan N, Limet R, Defawe OD (2005) Abdominal aortic aneurysm.
Lancet 365: 1577–1589.

10. Weyrich A, Cipollone F, Mezzetti A, Zimmerman G (2007) Platelets in
atherothrombosis: new and evolving roles. Curr Pharm Des 13: 1685–1691.

11. Dai J, Louedec L, Philippe M, Michel JB, Houard X (2009) Effect of blocking

platelet activation with AZD6140 on development of abdominal aortic
aneurysm in a rat aneurysmal model. J Vasc Surg 49: 719–727.

12. Kantelhardt SR, Pasnoori V, Varma J, Rezazadeh A, Dawn B (2003) Recurrent
aortic dissection in Marfan’s syndrome: possible effects of anticoagulation.

Cardiol Rev 11: 240–243.

13. Kamp TJ, Goldschmidt-Clermont PJ, Brinker JA, Resar JR (1994) Myocardial
infarction, aortic dissection, and thrombolytic therapy. Am Heart J 128: 1234–

1237.
14. Hara K, Yamaguchi T, Wanibuchi Y, Kurokawa K (1991) The role of medical

treatment of distal type aortic dissection. Int J Cardiol 32: 231–240.
15. Fouser LS, Morrow NE, Davis RB (1980) Platelet dysfunction associated with

abdominal aortic aneurysm. Am J Clin Pathol 74: 701–705.

16. Bradbury AW, Bachoo P, Milne AA, Duncan JL (1995) Platelet count and the
outcome of operation for ruptured abdominal aortic aneurysm. J Vasc Surg 21:

484–491.
17. Korshunov VA, Berk BC (2003) Flow-induced vascular remodeling in the

mouse: a model for carotid intima-media thickening. Arterioscler Thromb Vasc

Biol 23: 2185–2191.
18. Kintscher U, Lyon C, Wakino S, Bruemmer D, Feng X, et al. (2002)

PPARalpha inhibits TGF-beta-induced beta5 integrin transcription in vascular
smooth muscle cells by interacting with Smad4. Circ Res 91: e35–44.

19. Gresele P, Momi S, Berrettini M, Nenci GG, Schwarz HP, et al. (1998)
Activated human protein C prevents thrombin-induced thromboembolism in

mice. Evidence that activated protein c reduces intravascular fibrin accumula-

tion through the inhibition of additional thrombin generation. J Clin Invest 101:
667–676.

20. Hao L, Nishimura T, Wo H, Fernandez-Patron C (2006) Vascular responses to
alpha1-adrenergic receptors in small rat mesenteric arteries depend on

mitochondrial reactive oxygen species. Arterioscler Thromb Vasc Biol 26:

819–825.
21. Zhao L, Lin S, Bales KR, Gelfanova V, Koger D, et al. (2009) Macrophage-

mediated degradation of beta-amyloid via an apolipoprotein E isoform-
dependent mechanism. J Neurosci 29: 3603–3612.

22. Elzey BD, Tian J, Jensen RJ, Swanson AK, Lees JR, et al. (2003) Platelet-

mediated modulation of adaptive immunity. A communication link between
innate and adaptive immune compartments. Immunity 19: 9–19.

23. Badovinac VP, Porter BB, Harty JT (2004) CD8+ T cell contraction is
controlled by early inflammation. Nat Immunol 5: 809–817.

24. Krettek A, Sukhova GK, Libby P (2003) Elastogenesis in human arterial disease:
a role for macrophages in disordered elastin synthesis. Arterioscler Thromb Vasc

Biol 23: 582–587.

25. Satoh K, Nigro P, Matoba T, O’Dell MR, Cui Z, et al. (2009) Cyclophilin A

enhances vascular oxidative stress and the development of angiotensin II-

induced aortic aneurysms. Nat Med 15: 649–656.

26. Gavrila D, Li WG, McCormick ML, Thomas M, Daugherty A, et al. (2005)

Vitamin E inhibits abdominal aortic aneurysm formation in angiotensin II-

infused apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol 25:

1671–1677.

27. Saraff K, Babamusta F, Cassis LA, Daugherty A (2003) Aortic dissection

precedes formation of aneurysms and atherosclerosis in angiotensin II-infused,

apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol 23: 1621–1626.

28. Chen XL, Tummala PE, Olbrych MT, Alexander RW, Medford RM (1998)

Angiotensin II induces monocyte chemoattractant protein-1 gene expression in

rat vascular smooth muscle cells. Circ Res 83: 952–959.

29. Longo GM, Xiong W, Greiner TC, Zhao Y, Fiotti N, et al. (2002) Matrix

metalloproteinases 2 and 9 work in concert to produce aortic aneurysms. J Clin

Invest 110: 625–632.

30. Rajagopalan S, Meng XP, Ramasamy S, Harrison DG, Galis ZS (1996)

Reactive oxygen species produced by macrophage-derived foam cells regulate

the activity of vascular matrix metalloproteinases in vitro. Implications for

atherosclerotic plaque stability. J Clin Invest 98: 2572–2579.

31. Patel SR, Cadwell CM, Medford A, Zimring JC (2009) Transfusion of minor

histocompatibility antigen-mismatched platelets induces rejection of bone

marrow transplants in mice. J Clin Invest 119: 2787–2794.

32. Smyth SS, McEver RP, Weyrich AS, Morrell CN, Hoffman MR, et al. (2009)

Platelet functions beyond hemostasis. J Thromb Haemost 7: 1759–1766.

33. Kirk AD, Morrell CN, Baldwin WM, 3rd (2009) Platelets influence vascularized

organ transplants from start to finish. Am J Transplant 9: 14–22.

34. Daugherty A, Cassis LA (2004) Mouse models of abdominal aortic aneurysms.

Arterioscler Thromb Vasc Biol 24: 429–434.

35. Daugherty A, Manning MW, Cassis LA (2000) Angiotensin II promotes

atherosclerotic lesions and aneurysms in apolipoprotein E-deficient mice. J Clin

Invest 105: 1605–1612.

36. Yusuf S, Zhao F, Mehta SR, Chrolavicius S, Tognoni G, et al. (2001) Effects of

clopidogrel in addition to aspirin in patients with acute coronary syndromes

without ST-segment elevation. N Engl J Med 345: 494–502.

37. Herbert JM (2004) Effects of ADP-receptor antagonism beyond traditional

inhibition of platelet aggregation. Expert Opin Investig Drugs 13: 457–460.

38. Gleissner CA, von Hundelshausen P, Ley K (2008) Platelet chemokines in

vascular disease. Arterioscler Thromb Vasc Biol 28: 1920–1927.

39. Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, et al. (1998) CD40

ligand on activated platelets triggers an inflammatory reaction of endothelial

cells. Nature 391: 591–594.

40. Lehoux S, Lemarie CA, Esposito B, Lijnen HR, Tedgui A (2004) Pressure-

induced matrix metalloproteinase-9 contributes to early hypertensive remodel-

ing. Circulation 109: 1041–1047.

41. Risinger GM, Jr., Hunt TS, Updike DL, Bullen EC, Howard EW (2006) Matrix

metalloproteinase-2 expression by vascular smooth muscle cells is mediated by

both stimulatory and inhibitory signals in response to growth factors. J Biol

Chem 281: 25915–25925.

42. Ko HM, Kang JH, Choi JH, Park SJ, Bai S, et al. (2005) Platelet-activating

factor induces matrix metalloproteinase-9 expression through Ca(2+)- or PI3K-

dependent signaling pathway in a human vascular endothelial cell line. FEBS

Lett 579: 6451–6458.

43. Fillinger MF, Marra SP, Raghavan ML, Kennedy FE (2003) Prediction of

rupture risk in abdominal aortic aneurysm during observation: wall stress versus

diameter. J Vasc Surg 37: 724–732.

44. Truijers M, Pol JA, Schultzekool LJ, van Sterkenburg SM, Fillinger MF, et al.

(2007) Wall stress analysis in small asymptomatic, symptomatic and ruptured

abdominal aortic aneurysms. Eur J Vasc Endovasc Surg 33: 401–407.

45. Venkatasubramaniam AK, Fagan MJ, Mehta T, Mylankal KJ, Ray B, et al.

(2004) A comparative study of aortic wall stress using finite element analysis for

ruptured and non-ruptured abdominal aortic aneurysms. Eur J Vasc Endovasc

Surg 28: 168–176.

46. Satta J, Laara E, Juvonen T (1996) Intraluminal thrombus predicts rupture of an

abdominal aortic aneurysm. J Vasc Surg 23: 737–739.

47. Hans SS, Jareunpoon O, Balasubramaniam M, Zelenock GB (2005) Size and

location of thrombus in intact and ruptured abdominal aortic aneurysms. J Vasc

Surg 41: 584–588.

Inhibition of Platelet Prevents Aortic Aneurysm

PLOS ONE | www.plosone.org 10 December 2012 | Volume 7 | Issue 12 | e51707


