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Thrombosis in the pathogenesis of abdominal aortic

aneurysm
Jack Bontekoe, MD,a Jon Matsumura, MD,a and Bo Liu, PhD,a,b Madison, WI
ABSTRACT
Background: Abdominal aortic aneurysms (AAAs) are a relatively common vascular pathology of the elderly with high
morbidity potential. Irreversible degeneration of the aortic wall leads to lethal rupture if left untreated. Nearly all AAAs
contain intraluminal thrombus (ILT) to a varying degree, yet the mechanisms explaining how thrombosis is disturbed in
AAA are relatively unknown. This review examined the thrombotic complications associated with AAA, the impact of
thrombosis on AAA surgical outcomes and AAA pathogenesis, and the use of antithrombotic therapy in the manage-
ment of this disease.

Methods: A literature search of the PubMed database was conducted using relevant keywords related to thrombosis and
AAAs.

Results: Thrombotic complications are relatively infrequent in AAA yet carry significant morbidity risks. The ILT can
impact endovascular aneurysm repair by limiting anatomic suitability and influence the risk of endoleaks. Many of the
pathologic mechanisms involved in AAA development, including hemodynamics, inflammation, oxidative stress, and
aortic wall remodeling, contain pathways that interact with thrombosis. Conversely, the ILT can also be a source of
biochemical stress and exacerbate these aneurysmal processes. In animal AAA models, antithrombotic therapies have
shown favorable results in preventing and stabilizing AAA. Antiplatelet agents may be beneficial for reducing risks of
major adverse cardiovascular events in AAA patients; however, neither antiplatelet nor anticoagulation is currently used
solely for the management of AAA.

Conclusions: Thrombosis and ILT may have detrimental effects on AAA growth, rupture risk, and patient outcomes, yet
there is limited understanding of the pathologic thrombotic mechanisms in aneurysmal disease at the molecular level.
Preventing ILT using platelet and coagulation inhibitors may be a reasonable theoretical target for aneurysm progression
and stability; however, the practical benefits of current antithrombotic therapies in AAA are unclear. Further research is
needed to demonstrate the extent to which thrombosis impacts AAA pathogenesis and to develop novel pharmacologic
strategies for the medical management of this disease. (JVSeVascular Science 2023;4:100106.)

Clinical Relevance: Abdominal aortic aneurysm rupture is a leading cause of mortality in the United States. Currently, no
pharmacologic or noninvasive interventions exist to prevent the development or halt the progression of this disease. The
pathogenesis of abdominal aortic aneurysms is multifactorial and strongly influenced by thrombosis. The intraluminal
thrombus has been gaining recent attention as an active mediator in aneurysm growth and rupture. In this review article,
we will discuss the impact of thrombosis on patient outcomes, the use of antithrombotic therapy, and current under-
standing of the mechanisms behind pathologic thrombosis leading to the formation and maintenance of the intra-
luminal thrombus.
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Abdominal aortic aneurysm (AAA) rupture is a leading
cause of morbidity and mortality in the United States.
The pathogenesis of AAA is a complex multifactorial pro-
cess, involving dysregulation in inflammation,
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hemodynamics, and thrombosis. Destruction of the
medial layer of the aorta results in irreversible pathologic
remodeling, leading to progressive wall weakening,
aneurysmal dilation, and eventual rupture. Each
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pathologic mechanism involved in the aneurysm process
is strongly interconnected with thrombosis. Although all
AAAs contain intraluminal thrombus (ILT) to a varying de-
gree,1,2 there is limited understanding to the true extent
that thrombosis and ILT impact aneurysmal disease.
Early computational studies modeling aneurysm hemo-
dynamics suggested that ILT may be protective by
reducing aortic wall stress,3 whereas more recent correla-
tional studies show that greater thrombus burden corre-
lates with higher rupture risk at lower AAA diameters.4

Classically thought as an inert mass, evidence demon-
strates that ILT is also biologically active and contributes
to aneurysmal degeneration as a source of inflammation
and other pathologic processes.5 Whether these destruc-
tive biochemical stressors outweigh the potential protec-
tive benefits of reducing mechanical wall stress has been
recently discussed,5 which raises the question if prevent-
ing ILT with antithrombic therapy could be beneficial in
AAA. In this review, we explore how thrombosis is disrup-
ted in AAA, its role in aneurysm pathogenesis, and its
impact on patient disease and outcomes. Furthermore,
we will discuss the less known mechanisms involved in
the formation, propagation, and preservation of ILT, and
the current literature on antithrombotic therapy in AAA.

METHODS
A literature search of the PubMed search engine MED-

LINE database from inception to the present (2023) was
conducted using terms related to thrombosis and
AAAs. Original reports, meta-analysis, and systematic
reviews were search for the terms “abdominal aortic an-
eurysms,” “thrombosis,” “platelets,” “coagulation,” “anti-
platelet,” “anticoagulation,” “intraluminal thrombus,”
“ischemia,” “embolization,” “endovascular,” “endoleak,”
“hemodynamics,” “inflammation,” “hypoxic,” and “wall
remodeling.” Titles and abstracts of these articles or their
cited works were reviewed for relevance and suitability.
Studies lacking full text were excluded. Over 300 articles
were screened with 128 included.

THROMBOSIS-ASSOCIATED COMPLICATIONS OF
AAA
Thrombosis-associated complications are infrequently

encountered in AAA, yet often warrant aneurysm repair
due to significant morbidity and mortality risks. Dissem-
inated intravascular coagulation has been observed as
a presenting symptom of AAA in roughly 3% to 4% of pa-
tients preoperatively.6 Interestingly, the consumptive
coagulopathy is corrected by aneurysm repair,6 high-
lighting the influence of AAA on disrupted coagulation.
Acute thrombosis of AAA is a deadly complication, with
mortality near 50% and incidence of 0.7% to 2.8% of all
surgically managed AAAs.7 Presenting symptoms
include acute limb ischemia of the bilateral lower ex-
tremities,8 yet may also present as spinal cord ischemia
without acute limb ischemia features,9 or even
asymptomatically.10 The immediate initiation of systemic
anticoagulation (AC) and emergent surgical manage-
ment is critical as delays in revascularization result in
high mortality, often from proximal propagation of the
thrombus and occlusion of visceral arteries.7 Optimal sur-
gical repairs include aneurysmorrhaphy and inline aortic
reconstruction;7 however, extra-anatomic axillobifemoral
bypass may be acceptable for high-risk patients despite
a 15% risk of delayed rupture.11

Additional thrombosis-associated AAA complications
include embolization of the ILT, related to thrombus fria-
bility or caused by dislodgement due to trauma or instru-
mentation during other procedures.12,13 Compared with
other aneurysms, such as popliteal aneurysms, thrombo-
embolism causing lower extremity ischemia is relatively
infrequent, reported in 2% to 5% of patients with AAA
who undergo repair.12,14 Although rare, AAA can also
embolize to the lumbar arteries and present as spinal
cord transient ischemic attacks,15 paralysis,16 or cauda
equina syndrome.17 The risks of thromboembolism, how-
ever, may not be correlated with aneurysm diameter.14

IMPACT OF THROMBOSIS ON AAA SURGICAL
OUTCOMES
Thrombosis-associated consequences should be

considered during AAA repair planning and assessing
surgical risk related with perioperative bleeding. The
presence of coagulopathies or anemias, the use of antith-
rombotic therapy, and the patient’s frailty should be
reviewed before surgery and help guide the decision be-
tween open and endovascular repair. The location and
burden of ILT alter the intraluminal anatomy of the aneu-
rysm and can limit anatomical suitability for endovascu-
lar aneurysm repair (EVAR).
Surgical outcomes are also impacted by thrombosis,

particularly with EVAR. As it has been recently shown
that treatment of larger aneurysms with EVAR is associ-
ated with greater patient mortality, reintervention,18

and risks of complications,19,20 Oliveira-Pinto et al20 hy-
pothesized that this phenomenon may be due to the
impact of free luminal space. AAAs with larger intralumi-
nal flow channels require a greater volume of new
thrombus to form between the endograft and excluded
aneurysm sac. New thrombus lacks the organizational
strength of the laminated chronic ILT,21 allowing for
greater graft mobility and potentially compromised
seal when compared with smaller luminal spaces where
the graft is closely abutted against chronic ILT.20 The
spatial morphology of the ILT may also affect endoleaks.
Thrombus located proximally at the aneurysm neck can
provide challenges for EVAR by compromising proximal
seal and fixation to the aortic wall.22 AAA with posterolat-
eral and circumferential ILT have lower incidences of
type 2 endoleaks, likely by preventing retrograde flow
through lumbar vessels.23 Higher percentage of ILT
burden, regardless of size, results in higher rates of IMA



Fig. Proposed impact of hemodynamics on mechanisms of thrombosis and growth of the intraluminal thrombus
(ILT). PS, Phosphatidylserine; RBC, red blood cell; vWF, von Willebrand factor.
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occlusion and less occurrence of type 2 endoleaks.24

However, greater thrombus area and higher ILT volume
may be related to increased reintervention rates
overall.25

Few studies have evaluated biomarkers in the correla-
tion of EVAR sac thrombosis, yet the process of endovas-
cular AAA repair itself may induce transient
hypercoagulable states perioperatively. Contrast media
causes endothelial cell injury, which leads to platelet
activation, whereas intimal damage from wire manipula-
tion and graft placement may increase thrombin gener-
ation and tissue factor (TF) levels.26 Elevated preoperative
fibrinogen levels in AAA patients before EVAR have been
correlated with aneurysm sac regression.27 Understand-
ing the clinical impacts of AAA-associated thrombosis
and ILT on surgical outcomes warrants thorough investi-
gation of this disease component.
IMPACTS OF THROMBOSIS ON AAA
PATHOGENESIS
Hemodynamics. Numerous hemodynamic models of

intact and ruptured AAAs have revealed that aneurysm
morphology and wall composition cause a nonhomoge-
neous distribution of tensile stress, sheer stress, and pres-
sure that impacts AAA progression and degree of ILT.28

Early hemodynamic studies analyzing the effects of ILT
on biomechanical stress suggested that ILT reduces the
tensile stress on the aortic wall, thus potentially providing
a protective effect.3 Recent studies have found conflict-
ing effects of ILT on hemodynamics. Interestingly, in a
computational fluid dynamics model of ruptured AAAs,
the location of rupture in the aneurysm sac coincided
with regions of low wall sheer stress and higher deposi-
tion of ILT, contradictory to other models.29 However,
there is gaining evidence that the ILT accelerates



4 Bontekoe et al JVSeVascular Science
2023
aneurysmal degeneration by actively contributing to
inflammation, extracellular matrix (ECM) degeneration,
and smooth muscle cell (SMC) death, and the resulting
upregulated biochemical stress may outweigh any pro-
tective hemodynamic effects.30

Altered AAA hemodynamics create a prothrombotic
environment through nonphysiologic platelet interac-
tions, altering local concentrations of thrombogenic pro-
teins and disrupting the delivery of nutrients and oxygen,
as seen in the Fig. Biasetti et al31,32 hypothesized a hemo-
dynamic mechanism for thrombus formation based on
aneurysm morphology and shear wall stress. Their
computational model suggests that blood flow is
laminar in the proximal nonaneurysmal aortic segment,
yet once reaching the aneurysm neck, shear stress in-
creases,32,33 and turbulent flow creates recirculation
zones in the proximal sac.32 Shear stress promotes
platelet activation,34 the production of prothrombotic
microparticles,35 and even the formation of aggregates
independent of activation.36 High flow velocities under
these conditions alter the shape of soluble von Wille-
brand factor (vWF),37 allowing it to bind to platelets via
glycoprotein 1ba (GP1ba) receptors, and promote cohe-
sion by forming of membrane tethers.38 This contrasts
classic primary hemostasis seen under low shear condi-
tions, where platelets attach to subendothelial collagen
and fibronectin at the site of injury, bind to vWF via the
GP1ba receptor to form stable adhesions, and then
become activated and aggregate.37 Interestingly, on
further exposure to dynamic changes in shear stress,
such as repeated accelerations and decelerations seen
within recirculation zones, these platelet tethers restruc-
ture to increase their binding strength and stability, lead-
ing to further thrombus formation.39 Platelets trapped in
vortical structures are exposed to longer durations of
shear stress,31 which promotes activation and mixing
with other aggregates and procoagulant factors.34 Along
the aneurysm wall where shear rates are low,32 activated
platelets bind strongly to surface receptors and existing
thrombus,40 and the activation-independent platelet ag-
gregates bind tethered vWF to ECM components, pri-
marily collagen, and other vWF multimers.37 Decreased
shear rates allow for fibrin monomer assembly into pro-
tofibrils and their lateral aggregation and crosslinking.41

Biologic activity within the thrombus and inflammatory
cytokines produced by aneurysmal tissues additionally
activates platelets.
Red blood cells (RBCs) interact with circulating plate-

lets and promote platelet margination out of the stream
trajectory to the periphery42 and into recirculation
zones.40 This phenomenon increases the concentration
of platelets three- to fivefold near the wall surface40-42

and explains how an increase in hematocrit may
improve hemostasis.40-43 In low flow or stagnant states,
RBCs can provide a prothrombogenic surface for plate-
lets through the FasL/FasR pathway,43 subsequently
leading to enhanced surface expression of phosphatidyl-
serine44 and thrombin generation. RBCs can also bind
fibrinogen and therefore impact thrombus stability and
structure.42

Hemodynamics also affect the exchange of circulating
substances at the intraluminal surface, known as mass
transfer.45 Aortic curvature and tortuosity change the
flow velocity along the longitudinal arterial axis causing
variations in local mass transfer rates at the wall.46 It
has been hypothesized that altered mass transport of ox-
ygen and low-density lipoprotein may result in regional
hypoxia and wall damage, potentially promoting athero-
genesis45 and a nidus for inflammation seen early in AAA
development. Flow velocity impacts coagulation and
fibrin formation by affecting the delivery of procoagulant
plasma proteins and zymogens.47 Local concentrations
of coagulation factors are decreased at high flow veloc-
ities and increased at low flow velocities,47 such as those
within the aneurysm sac.

Inflammation. The role of inflammation in the patho-
genesis of AAA is well reported, as described in the excel-
lent review by Shimizu et al,48 and is closely related to
thrombosis as many of the kinase activators act on both
pathways. Coagulation factors, particularly factor Xa
(FXa), are gaining recognition as mediators of inflam-
mation in cardiovascular diseases.49 Through direct
stimulation or downstream effects, activated coagulation
factors can promote the production of inflammatory
cytokines, such as IL-6, IL-8, and monocyte chemotactic
protein-1 (MCP-1), from effector cells and increase the
expression of the adhesion molecules E-selectin, intra-
cellular adhesion molecule-1, and vascular cell adhesion
molecule-1 by the endothelium.50 Platelets also become
activated in response to inflammation and are a source
of FXa.51

Studies have used coagulation inhibitors to help clarify
many of the complicated connections between
inflammation and coagulation. Use of the FXa inhibitor
rivaroxaban has revealed FXa’s ability to modulate in-
flammatory responses in multiple vascular cell types
involved in AAA,52 suggesting that direct oral anticoagu-
lants may have pleotropic effects beyond AC. Treatment
of vascular SMCs (VSMCs) with rivaroxaban reduces cell
migration, proliferation, and the production of the in-
flammatory cytokines IL-1b and TNFa in vitro.53 FXa acts
on macrophages to increase mRNA expression of inflam-
matory molecules, IL-1b, TNFa, and MCP-1, and promotes
oxidized low-density lipoprotein uptake leading to foam
cell formation, all of which are attenuated by rivaroxa-
ban.54 In fibroblasts, rivaroxaban inhibits angiotensin II
(AngII)-induced cell migration and proliferation by
reducing activation of the nuclear factor-kB and
mitogen-activated protein kinase55 inflammatory path-
ways. In vascular endothelial cells and VSMCs, FXa
induced senescence, which was inhibited by
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rivaroxaban.56 Aneurysm tissue samples cultured with
rivaroxaban also exhibited significantly increased levels
of the anti-inflammatory cytokine, IL-10, compared with
untreated AAA samples.57

Oxidative stress. The effects of oxidative stress have
been implicated to play a central role in AAA58 and
may link inflammation and vascular remodeling.59

Reactive oxygen species (ROS) can be produced in
response to mechanical stress or cytokines59 and con-
tributes to AAA by inducing inflammation, SMC prolif-
eration and apoptosis, and ECM remodeling via matrix
metalloprotease (MMP) activity.59 Cytokines such as
TNFa, IFN-g, and IL-1b enhance the expression of induc-
ible nitric oxidase synthase in VSMCs60 and macro-
phages,61 resulting in the production of ROS, such as
superoxide and oxygen radicals.62 Once infiltrating the
vascular wall, activated neutrophils express myeloperox-
idase to produce hypochlorous acid from hydrogen
peroxide and chloride ions, which inactivates tissue in-
hibitor of metalloprotease-1 and indirectly stimulates
ECM degradation.63 Systemic oxidative stress markers,
such as malondialdehyde, are increased in patients with
AAA,64 and aneurysmal tissues demonstrate upregulated
nicotinamide adenine dinucleotide phosphate oxidase
expression and activity.62

Hypoxic conditions have been demonstrated to impact
thrombus formation through the activation of platelets65

in both venous66 and arterial thrombosis.67 Using human
AAA samples, Moñux et al57 linked FXa to oxidative stress
pathways. Treatment of aneurysmal tissue with rivaroxa-
ban significantly reduced expression of nitric oxidase
synthase-2 and nicotinamide adenine dinucleotide
phosphate oxidase subunits gp67- and gp91-phox
compared with untreated AAA samples.57 Epidermal
growth factor receptor (EGFR) activation is observed in
human AAA68 and is involved with VSMC proliferation69

and the production of ROS.70 FXa acts via the EGFR
pathway to induce the production of FGFR-1 receptors
and the release of fibroblast growth factor.69 Thrombin
also activates a G-protein coupled receptor to form
MMPs, which cleave ProHIB-EGF, leading to fibroblast
growth factor release.69 Treatment with the EGFR
inhibitor, erlotinib, protects against the development of
AAA in a mouse model using AngII plus beta-
aminopropionitrile.68

Aortic wall remodeling. MMPs are a group of degrada-
tion enzymes that play a role in connective tissue remod-
eling by breaking down components of the ECM, such as
collagen and proteoglycans, and are regulated by spe-
cific tissue inhibitors of metalloproteases. Increased
MMP concentration and activity is found in both aneu-
rysmal wall tissue and within the ILT. Aneurysmal wall tis-
sue has higher proportions of MMPs than normal wall
overall,57 whereas activated forms of MMP-9 are only
evident in wall tissue that is aneurysmal.71 ILT has
demonstrated to contain higher concentrations of MMPs
compared with serum, specifically MMP-2, which is pro-
duced by mesenchymal cells, and MMP-9, which is
secreted by proinflammatory cells such as poly-
morphonuclear neutrophils and macrophages.71 The ILT
absorbs plasma components and traps poly-
morphonuclear neutrophils enriched with MMP-9 at the
luminal surface.72 Neutrophils within the ILT and aneu-
rysmal tissue both release neutrophil gelatinase-
associated lipocalin, which acts to complex with MMP-
9 and inhibit its degradation, thus leading to enhanced
proteolytic activity.73 Beyond the ILT being a source for
MMPs, they can be activated by members of the coag-
ulation cascade and fibrinolysis. Plasminogen seques-
tered in the ILT is converted to plasmin by urokinase
plasminogen activator (uPA) and tissue-type plasmin-
ogen activator (tPA) secreted from the aortic wall, which
then activates MMP-9 in the liquid interface.72 In addi-
tion, the presence of plasmin-a2-anti-plasmin complexes
within the liquid interface72 and the association of plas-
minogen activators (uPA and tPA) with increased levels
of active MMP-2 and MMP-974 further demonstrates
interconnection between these proteolytic pathways at
this interface.

Coagulopathy in AAA. Abnormalities in platelet activity,
coagulation, and fibrinolysis are commonly present in
patients with AAA,75 yet the true extent that clotting
mechanisms impact AAA pathogenesis is largely un-
known. Increased platelet activation and turnover in AAA
is evident by decreased platelet counts and increased
levels of GP1b in these patients.76,77 Factors involved in
coagulation and fibrin turnover, such as D-dimer,
thrombin-antithrombin II complexes, and fibrin degra-
dation products, are elevated in patients with AAA,78,79

which also correlate with AAA size and tortuosity.78

Concentrations of TF are nearly doubled in AAA
plasma, whereas thrombin-antithrombin II complexes
are tripled80 and shown to independently predict AAA
growth rates.81 Elevated levels of D-dimer also correlate
with AAA diameter and ILT volume.82 Upregulated ac-
tivity of the coagulation system is also evidenced by high
expression of FXa in human aneurysmal tissue.57 AAA
also impacts clot structure and fibrinolysis. Morphologic
studies show that patients with larger AAA form
thrombus that is denser with smaller pores, which is
more resistant to lysis, compared with smaller AAAs and
controls.83
ANTITHROMBOTIC THERAPY IN AAA
Platelet inhibitors in animal AAA models. The risks fac-

tors andmultiple features of human AAAs, including pro-
gressive growth, rupture capability, location, and
presence of ILT, are difficult to replicate in animal
models. The two most popular AAA murine models



Table I. Animal abdominal aortic aneurysm (AAA) models of antiplatelet therapy and their outcomes

Study Inhibitor Model Outcome Proposed mechanism

Liu et al86 Ticagrelor þ ASA AngII ApoE�/� mice Decreased AAA incidence,
reduced wall inflammation,
MMP synthesis

Combined platelet
inhibition reduces wall
inflammation and
elastolysis

Owens
et al74

ASA, clopidogrel AngII Ldlr�/� mice; therapy
started on day 28 of 70

Reduction in rupture-
induced death; reduced
aortic thrombus, platelet
accumulation,
inflammatory cytokine
production, macrophage
accumulation, and MMP
activity

Antiplatelet therapy
reduces rupture risk in
established AAA

Liu et al87 Clopidogrel AngII ApoE�/� mice Suppressed aneurysm
formation and diameter;
decreased elastolysis, ROS
production, macrophage
infiltration, and MMPs. No
change in rupture

Inhibiting platelet
activation reduces
inflammation-mediated
AAA

Dai et al88 AZD6140 (P2Y12 receptor
inhibitor)

Xenograft transplant of
decellularized guinea pig
aortas into rats

Smaller AAA diameter,
thrombus development,
platelet CD41 expression,
MMP-9 expression, reduced
elastic fiber degradation

Antiplatelet therapy
reduces negative biologic
activity of ILT that
contribute to AAA

Touat
et al89

Abciximab Xenograft transplant of
decellularized guinea pig
aortas into rats

Reduced aneurysm
diameter; reduced
thrombus area

Prevention of ILT
propagation and platelet-
mediated release of
procoagulant factors

AngII, Angiotensin II; ApoE, apolipoprotein E; ASA, aspirin; ILT, intraluminal thrombus; Ldlr, low-density lipoprotein receptor; MMP, matrix metal-
loprotease; ROS, reactive oxygen species.
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include the AngII infusion model and topical elastase
model. The AngII infusion model uses an osmotic
pump inserted into hyperlipidemic mice to produce
aneurysm phenotypes without surgical intervention.84

This less invasive model mimics atherosclerotic risk fac-
tors to develop rupture-capable aneurysms that involve
wall inflammation and thrombosis; however, unlike hu-
man AAA, these aneurysms develop in the suprarenal
abdominal aortic segment secondary to dissection or
intramural hematoma, and thus, the thrombus is intra-
mural.84 The topical elastase surgical model produces a
true aneurysm augmented by the addition of lysyl oxi-
dase inhibitor, beta-aminopropionitrile, which is gradu-
ally expanding, contains ILT, and is capable of rupture,
yet the study duration is typically longer.85 Although
current murine models require further refinement, some
studies have been useful in further understanding the
role of antithrombotic therapy in the pathophysiology of
AAA.
Multiple murine models have shown antiplatelet ther-

apy to have a beneficial impact on AAA, as demonstrated
in Table I.86-89 Early investigations on the role of anti-
platelet agents abciximab and P2Y12 receptor inhibitor,
AZD6140, used xenograft transplantation of decellular-
ized guinea pig aortas into rats.88,89 Antiplatelet therapy
revealed a reduction in aneurysm diameter in both
studies,88,89 predicting that reducing the overall ILT
burden also reduces the negative biological activity
contributing to aneurysm progression.88 However, the
xenograft transplant model does not exhibit rupture.90

Liu et al87 were the first to study the role of antithrom-
botic therapy in mouse AAA models. They found a link
between clopidogrel and reduced wall inflammation,
which was protective against aneurysm formation and
progression.87

Based on the positive results of antiplatelet therapy in
AAA in these three previous animal studies, Owens
et al74 hypothesized that antiplatelet therapy may also
be beneficial in AAA stability. Once AAAs were generated
using AngII infusion, apolipoprotein E (ApoE) knockout
(ApoE�/�) mice were treated with aspirin (ASA), clopidog-
rel, or sham.74 They found that antiplatelet therapy was
protective against rupture-induced death and reduced
wall recruitment of platelets and macrophages, resulting
in decreased MMP-2 and MMP-9 levels, as well as lower
concentrations of platelet factor 4 and plasminogen acti-
vators (tPA and uPA).74

Both clopidogrel and ticagrelor, a more novel and
potent P2Y12 receptor inhibitor, have demonstrated
anti-inflammatory effects in addition to their



Table II. Animal abdominal aortic aneurysm (AAA) models of anticoagulation and their outcomes

Study Drug Model Outcome Proposed mechanism

Searle et al96 Factor XIIa
monoclonal
antibody 3F7

AngII ApoE�/�

mice
Reduced rupture, reduced aneurysm
size, increased collagen deposition,
reduced proinflammatory cytokines

Inhibition of FXIIa may
stabilize AAA by increasing
collagen synthesis and
decreasing inflammation

Ding et al52 Rivaroxaban AngII ApoE�/�

mice, therapy
started on day 14
of 28; CaCl2

Reduced aortic diameter; reduced
MMP-2 and MMP-9 expression;
downregulation in mRNA of IL-1b, IL-
6, IL-8, MCP-1; reduced
immunostaining for CD45, CD68

Anti-inflammatory property
reduces elastolysis

Moran et al97 Factor XIIa
neutralizing
antibody
(ch3F7-mG1L-
aFXII)

AngII ApoE�/�

mice
Reduced AAA diameter, reduction in
circulating kallikrein and bradykinin

Inhibition of the FXII/
kallikrein pathway reduces
AAA expansion

Allen-Redpath
et al98

Rivaroxaban AngII ApoE�/�

mice
Reduced incidence of AAA Anticoagulation blocks

procoagulant effects of
phospholipids in AAA

Moran et al94 Fondaparinux,
enoxaparin

AngII ApoE�/�

mice, therapy
started on day 14
of 28

Fondaparinux reduced FXa, PAR-2,
MMP-2, Smad2/3; reduced aneurysm

Inhibition of PAR-2 receptor
signaling reduces elastolysis

AngII, Angiotensin II; ApoE, apolipoprotein E; FXa, factor Xa; MCP, monocyte chemotactic protein-1; MMP, matrix metalloprotease; PAR, protease-
activated receptor.
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antiplatelet functions.91 Previously, a multicenter ran-
domized controlled trial comparing ticagrelor mono-
therapy with sham was unable to demonstrate a
reduction in aneurysm growth rates, AAA volume, or
ILT volume in patients with small AAA between 35
and 49 mm.92 In a mouse model, ticagrelor was com-
bined with ASA to evaluate the role of dual antiplatelet
therapy on AAA.86 The addition of ASA with ticagrelor
was shown to block AAA formation, decrease vascular
inflammation, and reduce MMP synthesis in AngII-
treated ApoE�/� mice,86 suggesting that dual antiplate-
let therapy may be beneficial.

Anticoagulation in animal AAA models. Coagulation
factors have demonstrated a pathologic capability to
progress vascular disease.93,94 FXa is critical to
thrombus formation as the convergence point of the
intrinsic and extrinsic coagulation pathways,95 and levels
of FXa in aortic tissue strongly correlate with AAA diam-
eter in murine models.94 Murine studies have used AC to
block the negative impact of coagulation on VSMC ho-
meostasis, wall remodeling, and inflammation in AAA
(see Table II).96-98

FXa acts as a VSMC mitogen,99 stimulating VSMC prolif-
eration independently of PDGF99 and thrombin69 by acti-
vating a family of G protein-coupled receptors, known as
protease-activated receptors (PARs).100 Four different
PARs have been identified in vascular remodeling,
fibrosis,101 angiogenesis, and inflammation,94 whereas
PAR-1 and PAR-2 have been explored in aortic aneu-
rysms in mice and humans.94,102 The PAR-1 receptor is
canonically activated by thrombin, FXa, plasmin, and
activated protein C, and noncanonically by MMPs, and
is upregulated in human thoracic aneurysms.102 FXa
independently activates PAR-2 to phosphorylate intra-
cellular Smad2/3, a member of the TGF-b signaling
pathway involved in matrix remodeling of AAAs.94,103 Mu-
rine studies reveal that AC therapy can reduce the down-
stream effects of PAR activation. In an AngII AAA model
using ApoE�/� mice, administration of the selective FXa
inhibitor fondaparinux reduced levels of FXa, PAR-2,
MMP-2, and Smad2/3 phosphorylation, which also
resulted in a reduction in aortic aneurysm severity.94

Additional mitogenic and cell migratory responses to
FXa in VSMCs may be related to lipid signaling through
the sphingosine-1-phosphate (S1P) pathway.93 FXa activa-
tion of PAR-1 induces the expression of sphingosine ki-
nase, increasing the synthesis of S1P93 from
sphingomyelin. Intracellularly, S1P levels enhance cell
proliferation, while extracellularly, it can bind to spingo-
sine-1-phosphate receptors (S1PRs) on VSMCs or endo-
thelial cells to regulate VSMC migration, proliferation,
differentiation, and vessel permeability.93 In human
AAA tissue, S1PRs are upregulated.104 The use of S1PR in-
hibitors may be protective against aortic dissection and
rupture in mice;105 however, their effect on AAA requires
further investigation.
As Moran et al94 found AC to reduce wall fibrinolysis in

formed aneurysms, Ding et al52 hypothesized that
inhibiting coagulation after aneurysm formation may
also impact wall inflammation. They found that
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treatment of AngII-infused ApoE�/� mice with high
doses of rivaroxaban initiated on day 14 of the 28-day
study significantly reduced maximal aortic diameter,
compared with treatment with low-dose rivaroxaban
or vehicle.52 Aortic wall inflammation was decreased,
as evident by reduced CD45 immunostaining for leuko-
cytes and CD68 immunostaining for macrophages, as
well as reversal of upregulated mRNA levels of IL-1, IL-
6, IL-8, and MCP-1.106 Rivaroxaban also impacted aortic
wall remodeling as MMP-2 and MMP-9 expression was
significantly reduced.106 To further validate their results,
they repeated the study in a CaCl2-induced AAA mouse
model.106 Similarly, rivaroxaban also reduced AAA
growth, the infiltration of leukocytes and macrophages
into the wall, and mRNA levels of inflammatory
cytokines, while also improving elastic fiber
fragmentation.106

The role of other coagulation factors, such as activated
factor XII (FXIIa), in AAA pathogenesis is also under inves-
tigation. After primary hemostasis, activated platelets
release polyphosphate, an inorganic polymer that binds
to zymogen FXII and activates it to FXIIa.107 This initiates
the intrinsic (or contact activation) pathway of the coag-
ulation cascade, while also promoting a proinflamma-
tory response through activation of the kallikrein-kinin
system.97 As FXIIa is both prothrombotic and proinflam-
matory, Moran et al97 hypothesized that inhibition of FXII
in its activated form may impact AAA. Treatment with
FXIIa-blocking antibody 3F7 resulted in significantly low-
ered plasma kallikrein, bradykinin, and MMP-9 levels,
reduced ADAMTS13 (a disintegrin and metalloproteinase
with thrombospondin type 1 motif, 13) activity and EGFR
phosphorylation, and resulted in smaller AAA diameters
in an AngII murine model.97 Allen-Redpath et al98

discovered that rivaroxaban could block the procoagu-
lant effects of phospholipids in AAA. Searle et al96 found
that the inhibition of FXIIa with 3F7 monoclonal antibody
resulted in a fibroprotective effect against AAA growth
and rupture. Inhibiting FXIIa resulted in smaller-
diameter AAAs with greater amounts of collagen, which
were also more stable than sham.96 In addition, treat-
ment with 37F monoclonal antibody downregulated
circulating levels of inflammatory cytokines and chemo-
attractants, such as IL-1b, MCP-1, and CXCL1, and reduced
lipid deposition and necrotic core size in atherosclerotic
plaques.96 They concluded that targeting FXIIa may
result in stabilization of both atherosclerotic plaques
and aneurysmal wall tissue.96

Antithrombotic therapy on AAA patient outcomes.
Current guidelines recommend the use of ASA in pa-
tients with AAA for reduction in major adverse cardiovas-
cular events,108 rather than reducing AAA-specific
thrombotic complications. ASA use is associated with
decreased ILT volumes,109 likely by reducing ILT clot lysis
times, and increasing clot permeability while decreasing
clot density.110 The beneficial effects of antiplatelet ther-
apy on aneurysm-related outcomes may be limited.
Retrospective studies of patients with AAA taking ASA or
P2Y12 inhibitors show that antiplatelet therapy may
reduce patient mortality overall,74 but may also be
associated with higher mortality in the setting of
rupture.111 Fortunately, the use of antiplatelet agents ASA
and clopidogrel as monotherapy has not been demon-
strated to affect endoleak.112-114 Previous studies have
shown that the use of ASA monotherapy correlates with
aneurysm shrinkage after EVAR;115 however, the use of
multiagent antiplatelet therapy failed to demonstrate
aneurysm shrinkage.116

Despite promising data in animal models, prophylactic
AC is not clinically recommended in asymptomatic AAA
patients without other indications for AC. Retrospective
studies may suggest some benefit to AC by altering ILT
and impacting AAA events, yet are inconclusive on
whether AC impacts endovascular outcomes. In a recent
prospective cross-sectional study, Skov et al117 followed
309 patients with small asymptomatic infrarenal AAAs
according to their antithrombotic therapy regimen for
5 years. Using three-dimensional contrast-enhanced ul-
trasound and adjusting for AAA volume and diameter,
they found that patients on AC had lower ILT volumes
than patients on antiplatelet agents or not receiving
antithrombotic therapy.117 However, information
regarding baseline ILT volume and thickness before
antithrombotic therapy or aneurysm morphology was
not available,117 and clinical outcomes were not evalu-
ated in this study. A prospective cohort study of 1161 pa-
tients with asymptomatic unrepaired AAAs showed
that those receiving therapeutic AC had a reduced risk
of AAA-related events (AAA repair or mortality from
rupture), yet no reduction in major adverse cardiovascu-
lar events.118 Previous literature regarding the impact of
AC on endoleak is controversial. A retrospective analysis
of the Society for Vascular Surgery Vascular Quality Initia-
tive database of nearly 30,000 patients who underwent
EVAR found a twofold higher incidence of late endoleaks
in patients on AC 1 year after repair and were also more
likely to have sac growth compared with those not anti-
coagulated.114 Although some studies have reported
similar increases in endoleaks with AC,119,120 particularly
type II,119-123 others report that the use of AC has no
impact on endoleak,112,113,124 and stopping AC after
EVAR significantly increases mortality at 1 year.114

CONCLUSION AND FUTURE DIRECTIONS
The pathophysiologic mechanisms in AAA are complex

yet interconnected with thrombosis and hemostasis.
Insult to the aortic wall from cardiovascular risk factors,
such as smoking and hypertension, can lead to the for-
mation of atherosclerotic lesions. In AAA, the atheroma-
tous response to injury becomes dysregulated, resulting
in exacerbated levels of inflammation, wall remodeling,
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and eventual weakening and dilation. ILT could be
viewed as a failed compensatory mechanism. An
attempt to protect the wall from hemodynamic stress
comes at the cost of harboring proinflammatory and
proteolytic mediators and the scaffolding for thrombus
turnover. The activity levels of these pathologic processes
combined with the modification of risk factors (ie, aging,
continued smoking or quitting, management of hyper-
tension, etc) impact aneurysm progression and stability.
The influence of thrombosis in AAA is evident by the
presence of ILT in nearly all aneurysms, numerous throm-
botic complications, and its influence on surgical options
and medical management. Surgery remains the only
therapy in AAA, necessitating the development of phar-
macologic therapies in this disease.
Analyzing the complex interactions between platelets,

coagulation factors, and the other pathologic mecha-
nisms involved in AAA may provide sources for future
investigation and potential therapies. A platelet receptor
newly identified in AAA, olfactory receptor 2L13, has
shown intriguing results as its activation restricted AAA
growth and reduced MMP-2 levels.125 Inhibiting down-
stream targets of platelet and FXa activation, such as
PARs or S1PRs, rather than coagulation factors are attrac-
tive therapeutic strategies for managing thrombosis in
patients with AAA without impacting bleeding risks.
Touat et al89 showed that TF-containing microparticles
were significantly elevated in AAA plasma, which was hy-
pothesized to account for the higher procoagulant activ-
ity found at the luminal ILT surface, but has yet to be
analyzed in AAA models.
Although significant research has been conducted on

the impact of ILT on AAA, little is known whether the
cells within aneurysmal aortic walls contribute to a pro-
thrombotic local environment. Our group has demon-
strated the role of necroptosis and smooth muscle
death in AAA pathogenesis and progression.126,127 We
have recently found that cells undergoing necroptosis
upregulate their production of extracellular vesicles,128

which has inspired our ongoing investigation of whether
necroptotic VSMCs within aortic aneurysms contribute
to ILT by secreting thrombogenic extracellular vesicles.
The use of antithrombotic therapies in AAA has demon-

strated some promising results in animal models in
inhibiting aneurysm formation, slowing aneurysm pro-
gression, and stabilizing the aneurysm sac from rupture.
Understanding the detrimental role of ILT and perturbed
clotting mechanisms in AAA, inhibiting platelets and
coagulation factors are reasonable theoretical targets.
However, real-world complications associated with hem-
orrhage and difficulty reversing antithrombotic agents
limit their current application in human aneurysmal
disease. Antiplatelet therapy may be useful in reducing
major adverse cardiovascular events in this high cardio-
vascular risk population considering that there is a mini-
mal impact on long-term endovascular outcomes, and
AC may be warranted in AAA occlusion or thromboem-
bolic events.

Fig image was created with BioRender.com.
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