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Abstract
Background: Saccular intracranial aneurysms (IAs) are outpouchings of the vessel wall of in-
tracranial arteries. Rupture of IAs results in subarachnoid hemorrhage which is associated with 
high morbidity and mortality. Surgical interventions, such as clipping and coiling, have asso-
ciated risks. Currently, there are no proven pharmacological treatments to prevent the growth 
or rupture of IAs. Infiltration of proinflammatory cytokines in response to increased wall sheer 
stress is a hallmark of IA. Nonsteroidal anti-inflammatory drugs (NSAIDs) are being investi-
gated as potential therapeutic agents for reduction in growth and/or prevention of IA through 
inhibition of inflammatory pathways. Summary: This review will discuss the role of NSAIDs in 
attenuating the inflammation that drives IA progression and rupture. There are two main sub-
types of NSAIDs, nonselective COX and selective COX-2 inhibitors, both of which have merit 
in treating IA. Evidence will be presented which shows that NSAIDs inhibit several key inflam-
matory mediators involved in IA progression including nuclear factor-κB, tumor necrosis 
factor-α, and matrix metalloproteinases. In addition, the role of NSAIDs in limiting inflamma-
tory cell adhesion to endothelial cells and attenuating endothelial cell senescence will be dis-
cussed. Key Messages: There is an abundance of basic science and preclinical data that sup-
port NSAIDs as a promising treatment for IA. Additionally, a combination treatment strategy 
of low-dose aspirin given concomitantly with a selective COX-2 inhibitor may result in a re-
duced side effect profile compared to aspirin or selective COX-2 inhibitor use alone. Several 
large clinical trials are currently planned to further investigate the efficacy of NSAIDs as an 
effective nonsurgical treatment for IAs. © 2019 The Author(s) 

Published by S. Karger AG, Basel

Received: June 12, 2018
Accepted: February 22, 2019
Published online: April 30, 2019

E X T R A

Courtney L. Fisher
Department of Pharmacology and Toxicology, Michigan State University
1355 Bogue Street B436
East Lansing, MI 48824 (USA)
E-Mail cofisher @ mcw.edu

www.karger.com/cee

DOI: 10.1159/000499077



32Cerebrovasc Dis Extra 2019;9:31–45E X T R A

Fisher and Demel: NSAIDs: A Potential Pharmacological Treatment for Intracranial 
Aneurysm

www.karger.com/cee
© 2019 The Author(s). Published by S. Karger AG, BaselDOI: 10.1159/000499077

Introduction

Saccular intracranial aneurysm (IA) is an outpouching of a cerebral vessel wall, usually 
occurring at arterial bifurcation sites, with a prevalence of 1–5% in the general population 
[1]. Risk factors for IA include hypertension, smoking, female sex, genetic predisposition, and 
increasing age [2]. While only 20–50% of IAs rupture, IA rupture leads to subarachnoid 
hemorrhage (SAH), a devastating type of stroke that has high morbidity and mortality [1]. 
Half of all SAH survivors suffer neurocognitive deficits that limit their physical and mental 
abilities, while another third require permanent assistance [3]. 

Identification of patients with IA has proven difficult. IAs are typically asymptomatic and 
diagnosed as a result of unrelated imaging. A reliable serum biomarker test for IA detection 
in the general population has yet to be validated. Even if these IA patients could be identified, 
there are no nonsurgical interventions to treat IA. While effective, surgical intervention such 
as clipping and coiling is not always an option; factors such as patient age, genetic back-
ground, aneurysm morphology, and surgical risk may make patients ineligible for surgical 
treatment [4]. A system is in place to determine the risk of rupture. However, the current 
criteria for weighing rupture risk against surgical risk is based on retrospective analysis and 
is not accurate. Unfortunately, patients with IA that are not eligible surgical candidates do not 
have additional treatment options. 

In healthy individuals, tissue injury triggers an inflammatory response. This response is 
characterized by inflammatory cell recruitment, which includes macrophages and lympho-
cytes. Inflammatory cells produce cytokines and inducible nitric oxide synthase (iNOS). 
Cytokine activation of iNOS increases nitric oxide (NO) production. In a healthy individual, 
NO is an important molecule that regulates vascular tone, maintains blood flow, and regulates 
mitochondrial oxygen consumption [5]. NO production that supersedes these physiological 
needs of the body can lead to vascular dysfunction. Patients with IA have a prolonged inflam-
matory response in which proinflammatory cytokines, such as interleukin-1 (IL-1) and tumor 
necrosis factor-α (TNF-α), increase the expression of iNOS within vascular smooth muscle 
cells (VSMCs) and macrophages. Subsequently, there is a large increase in NO production that 
leads to endothelial cell (EC) and elastin damage, an important structural protein present in 
vessel walls [6]. Uncoupling of nitric oxide synthase-3 when levels of L-arginine are low can 
produce superoxide, a reactive oxygen species (ROS) [5]. ROS and inflammation generally 
occur together and form a positive feedback loop: inflammation leading to neutrophil 
recruitment, neutrophil production of ROS, and oxidative stress leading to further endothelial 
injury and more inflammatory cell recruitment. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are currently being investigated as a 
potential pharmaceutical treatment for patients with IA. Chronic inflammation plays a critical 
role in IA formation, growth, and eventual rupture. NSAIDs inhibit the cyclooxygenase 
pathway of arachidonic acid (AA) metabolism, thereby inhibiting platelet-derived throm-
boxane A2 (TXA2) and prostaglandin (PG) synthesis (Fig. 1) [7]. In this review, evidence 
supporting the use of NSAIDs as a treatment for IA will be presented. First, the pathophysi-
ology of IA formation will be described. Next, evidence will be presented demonstrating that 
NSAIDs may prevent the further growth of IAs by reducing inflammation, increasing inflam-
matory cell adhesions to EC, and delaying EC senescence. Last, outcomes of completed clinical 
trials involving the efficacy of NSAIDs in preventing IA growth will be presented and future 
planned trials discussed.
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Fig. 1. a Nuclear factor-κB (NF-κB), cyclooxygenase-1 (COX-1), and -2 (COX-2) are activated in response to 
vascular injury. NF-κB can directly induce gene expression of proinflammatory cytokines tumor necrosis 
factor-α (TNF-α), interleukin-1 (IL-1), interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), 
and matrix metalloproteinase-2 (MMP-2), and -9 (MMP-9). Activation of COX-1 and COX-2 results in in-
creased production of prostanoids prostaglandin H2 (PGH2), prostaglandin D2 (PGD2), prostaglandin E2 
(PGE2), prostaglandin F2α (PGF2α), and thromboxane A2 (TXA2). A positive feedback loop of inflammation 
forms between vascular smooth muscle cells (VSMCs), macrophages, and proinflammatory cytokines, as well 
as COX enzymes and prostanoids, eventually leading to IA rupture. b Inhibition of NF-κB, COX-1, and COX-2 
by nonsteroidal anti-inflammatory drugs (NSAIDs) blocks the production of proinflammatory cytokines, ma-
trix metalloproteinases, and prostaglandins. Reduced production of proinflammatory cytokines may prevent 
IA rupture [7, 60].
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Inflammation and IA Pathophysiology

IA is a disorder that is initiated and sustained through a complex and chronic inflam-
matory response. The most common types of IA are saccular, or berry, aneurysms. These 
aneurysms represent between 70 and 80% of all IAs [8]. Histologically, saccular aneurysms 
have dysfunctional ECs, degraded or no internal elastic lamina, and disorganized smooth 
muscle cells (SMC) [9]. Hypertension is one of the leading modifiable risk factors for IA. Hemo-
dynamic changes in blood flow result in increased vessel wall sheer stress which commonly 
occurs at arterial branch points within the circle of Willis. Degradation of the internal elastic 
lamina, which can occur as a result of hypertension, precedes IA formation [10]. Injury to the 
endothelium from increased sheer stress results in macrophage recruitment and tissue infil-
tration. Macrophage infiltration plays a key role in IA formation, as evidenced by macrophage 
depletion reducing IA prevalence in mice [10]. Continued vascular insult and inflammation 
leads to breakdown of the internal elastic lamina and loss of structural strength within the 
arterial wall. Eventually, with continued insult and prolonged activation of self-amplifying 
inflammatory pathways, IA rupture can occur. 

Following vascular injury, PGs are released and act as mediators of the acute inflam-
matory process. PGs are ubiquitously produced lipids that mediate autocrine and paracrine 
signaling throughout the body [11]. In the case of IA, we are interested in the PGs and PG 
receptors that play a role in regulating this inflammatory response. Prostaglandin E2 (PGE2) 
is the most abundant prostanoid in the body and has long been a target for treating inflam-
mation in a variety of diseases [12]. Upon injury to the endothelium, AA is released from phos-
pholipids within the nuclear membrane through the actions of cytosolic phospholipase A2α 
(cPLA2α). COX-1 and/or -2 oxygenates AA into prostaglandin G2 which is then enzymatically 
reduced into prostaglandin H2 (PGH2) [12]. PGH2 is relatively unstable and is quickly converted 
into one of five prostanoids: PGE2, prostaglandin I2 (PGI2), prostaglandin D2 (PGD2), prosta-
glandin F2α (PGF2α), or TXA2 [12]. PGE2 is synthesized through PGH2 isomerization by micro-
somal prostaglandin E synthase-1 (mPGES-1) or cytosolic prostaglandin E synthase (cPGES) 
[13]. Once released from the cell by diffusion, or through its transporter multidrug resistance-
associated protein 4 (MRP4), PGE2 can go and bind to its receptor, prostaglandin E2 receptor 
2 (EP2) (Fig. 2). 

In response to EC damage, PGE2-EP2 signaling is triggered and a positive feedback loop 
between EP2, nuclear factor-κB (NF-κB), and COX-2 is initiated (Fig. 2) [14]. NF-κB signaling 
is activated in response to prolonged stress to the endothelium and is accompanied by dysreg-
ulation of anti-inflammatory pathways [14]. NF-κB activation upregulates the expression of 
monocyte chemoattractant protein 1 (MCP-1), a protein which recruits macrophages. NF-κB 
activation is also implicated in the regulation of VSMC apoptosis [10, 15]. IA initiation and 
growth are driven by a self-perpetuating cycle of inflammation. While COX-1 can metabolize 
AA into inflammatory PGs, it is not involved in the positive feedback loops associated with 
chronic inflammation as is COX-2 (Fig. 2). 

Increased mechanical stress to the endothelium, as a result of increased blood flow, 
causes deterioration of EC tight junctions allowing macrophages to migrate into the vessel 
wall [16]. Infiltrating macrophages then release proinflammatory cytokines such as TNF-α, 
IL-1, and interleukin-6 (IL-6), resulting in cytokine release from the infiltrating macrophages 
and further macrophage recruitment and amplification of the inflammatory response [17]. In 
addition, TNF-α and NO released by the macrophages can also directly activate the NF-κB 
pathway (Fig. 3) [6, 18]. iNOS increases NO levels leading to the generation of ROS and subse-
quent oxidative stress in animal and human aneurysm models [6]. In addition to cytokines, 
macrophages release matrix metalloproteinases (MMPs) that degrade the extracellular 
matrix (ECM) and are responsible, in part, for vascular remodeling [10]. Infiltration of inflam-
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Fig. 2. a Cyclooxygenase-1 (COX-1) is constitutively expressed. Vascular insult causes an inflammatory re-
sponse resulting in Ca2+ influx into an endothelial cell, triggering translocation of cytoplasmic phospholipase 
A2α (cPLA2) to the nucleus. Arachidonic acid is then released from the nuclear membrane and oxygenated by 
COX-1 producing prostaglandin G2 (PGG2), which is quickly enzymatically reduced into prostaglandin H2 
(PGH2). Cytoplasmic prostaglandin E synthase (cPGES) translocates to the nucleus where it works to convert 
PGH2 to prostaglandin E2 (PGE2). b Upon inflammatory stimuli, there is increased transcription and expres-
sion on the nuclear membrane of cyclooxygenase-2 (COX-2) and microsomal prostaglandin E synthase 1 
(mPGES-1). mPGES-1, instead of cPGES, converts PGH2 into PGE2 where it can diffuse out of the cell or be 
actively transported through its transporter, multidrug resistance-associated protein 4 (MRP4) [12, 60].
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matory cells induces SMC proliferation and phenotypic changes that result in chronic remod-
eling of the vascular wall [19]. Attenuating inflammation in the early stages of IA may result 
in the stabilization of IAs and prevent future rupture by decreasing activation of MMPs and 
subsequent ECM degradation. 

General Overview and Actions of NSAIDs on COX Enzymes

NSAIDs have anti-inflammatory, anti-pyretic, and analgesic properties making them one 
of the most widely prescribed class of drugs. This class of drugs elicit their effects by acting 
on COX-1 and -2 enzymes, the rate-limiting step of AA metabolism. NSAIDs can be placed into 
one of two groups, nonselective COX inhibitors and selective COX-2 inhibitors. Nonselective 
COX inhibitors can either reversibly inhibit the actions of both COX-1 and COX-2 enzymes or 
irreversibly inhibit these actions, as is the case with acetylsalicylic acid (aspirin). Selective 
COX-2 inhibitors reversibly inhibit enzymatic activity of only COX-2. COX-1 inhibition is asso-
ciated with the negative side effects typically associated with NSAID use. Inhibition of COX-1 
can lead to gastrointestinal toxicity and cardiovascular side effects including stomach ulcers, 
increased bleeding risk, heart attack, and stroke [20]. COX-1 activity converts AA into PGI2 
which decreases parietal cell secretion of H+ within the stomach mucosa. As a result, HCO3

– 
and mucus secretion increase; both of which protect the lining of the stomach. TXA2, which is 
also produced by COX-1, increases platelet aggregation. Inhibition of COX-1 by NSAIDs can 
cause acidosis of the stomach and reduced platelet aggregation leading to the cardiovascular 
and gastrointestinal side effects previously mentioned. 

The structures of COX-1 and COX-2 are fairly similar. Both enzymes contain three main 
domains: an N-terminal epidermal growth factor domain, a helical membrane binding domain 
(MBD), and a catalytic domain on the C-terminus [12]. NSAIDs and AA both enter into the COX 
active site through four helices within the MBD and then bind to the active site on the 
C-terminus [12]. The C-terminal COX-1 active site contains a leucine, while the COX-2 active 
site contains valine [21]. This small difference in the active sites of COX-1 and COX-2 makes 
it possible for specific pharmacological inhibition of COX-2. 

Selective COX-2 inhibitors were developed in an effort to reduce the serious side effects 
associated with COX-1 inhibition while still garnering the anti-inflammatory effects. Unlike 
other NSAIDs, aspirin irreversibly acetylates the serine residue within the active site of COX-1 
and modifies enzymatic activity of COX-2 such that COX-2 produces anti-inflammatory 
lipoxins [22]. In order for COX-1 activity to increase, new enzymes must be synthesized. While 

Fig. 3. a Increased hemodynamic stress initiates the recruitment of macrophages, which release the cytokine 
tumor necrosis factor-α (TNF-α). TNF-α binds to tumor necrosis factor receptor 1 (TNFR1), while prostaglan-
din E2 binds to prostaglandin E2 receptor 2 (EP2). Once bound, TNFR1 and EP2 activate nuclear factor-κB 
(NF-κB), causing it to translocate to the nucleus. NF-κB activation by TNF-α also activates mitogen-activated 
protein kinase (MAPK), which phosphorylates extracellular signal-receptor kinase (ERK) and subsequently 
translocates to the nucleus. Once inside the nucleus, NF-κB and ERK increase transcription of various proin-
flammatory genes including cyclooxygenase-2 (COX-2), chemokine receptor 2 (CCL-2), matrix metallopro-
teinases (MMPs), and inducible nitric oxide synthase (iNOS). CCL-2 stimulates expression of the C-C chemo-
kine receptor-2 (CCR-2) which, when bound by monocyte chemoattractant protein-1 (MCP-1), recruits leu-
kocytes in a self-amplifying loop. Increased expression of COX-2 leads to increased oxygenation and reduction 
of arachidonic acid into PGE2 forming a positive feedback loop between EP2-NF-κB-COX-2. iNOS is converted 
by L-arginine into nitric oxide (NO), a reactive oxygen species. b Treatment with nonsteroidal anti-inflam-
matory drugs (NSAIDs) prevents COX-2 conversion of arachidonic acid and all downstream PGE2 signaling 
effects [12, 17, 25, 34, 60].
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this effect on COX-2 is desirable in mediating the inflammatory response, a single dose of 
aspirin can inhibit platelet aggregation for several days leading to undesirable cardiovascular 
side effects [23]. However, drugs from both of these NSAID subgroups including aspirin, have 
been investigated as potential therapeutics for the treatment of IA with varying degrees of 
success. The majority of studies conducted aiming to assess the effectiveness of NSAIDs for 
the treatment of IA have been done on five specific NSAIDS: aspirin, indomethacin, piroxicam, 
celcoxib, and rofecoxib (Table 1).

Evidence that NSAIDs Decrease PGs and ROS in IA

NSAIDs Reduce Inflammation in IA via Inhibition of COX-2 and PGs
Infiltration of inflammatory cells into the vessel wall is a universal characteristic of both 

ruptured and unruptured IA. There are a greater number of inflammatory cells present in 
ruptured IAs compared to unruptured, suggesting that inflammation plays a role in the 
growth and destabilization of IAs [2]. In fact, leukocyte infiltration positively correlates with 
degradation of the ECM and loss of SMCs in the vessel wall [24]. In addition, both COX-2 and 
the PGE2 receptor EP2 are upregulated in ECs from ruptured human IAs compared to unrup-
tured IAs [14]. 

Inflammation in IA is initiated and maintained through a positive feedback loop main-
tained by the COX-2-PGE2-EP2-NF-κB signaling pathway [14]. In response to vascular insult, 
COX-2 is induced leading to increased production of PGE2. PGE2 binds the EP2 receptor which 
in turn activates NF-κB, an important mediator of proinflammatory cytokine activation [14]. 
NF-κB is a transcription factor that is an important regulator of the inflammatory response 
and its activity is mediated by a host of intricate signaling cascades. Twenty-seven cytokines 
and chemokines are under the direct control of NF-κB. TNF-α directly activates NF-κB and 
COX-2 in a positive feedback loop (Fig. 3) [25]. While these actions are important during an 
acute inflammatory response, prolonged induction of COX-2, MMPs, and other proinflam-
matory cytokines drive IA progression and may lead to eventual IA rupture. 

 In a mouse model of IA, EC-activated NF-κB activity was suppressed with the adminis-
tration of the selective COX-2 inhibitor celecoxib [14]. Treatment of rats that had undergone 
IA induction with celecoxib for a period of 12 weeks showed a decreased incidence of IA [14]. 
It is noteworthy that treatment within the first 6 weeks was as effective as treatment for 12 
weeks, suggesting that COX-2 inhibition in the early phase of IA development is important. 
However, the dose of celecoxib that was used in these studies (150 mg/kg/day) is 2.5 times 

Table 1. Subtype, preferential selectivity of cyclooxygenase (COX) inhibition, actions on COX enzymes, plasma half-life, and 
cardiovascular (CV) and/or gastrointestinal (GI) system side effect classifications of various nonsteroidal anti-inflammatory 
drugs (NSAIDs) discussed in this review [20, 28, 30, 47, 48]

NSAID Subtype Preferential 
selectivity

Inhibition of COX Half-life, h Side 
effects

Aspirin Nonselective COX inhibitor COX-1 Irreversible Low dose: 2–3
High dose: 15–30

CV, GI

Indomethacin Nonselective COX inhibitor COX-2 Reversible 4.5 CV, GI
Piroxicam Nonselective COX inhibitor COX-2 Reversible 50 CV, GI
Celecoxib Selective COX-2 inhibitor COX-2 Reversible 11 CV
Rofecoxib Selective COX-2 inhibitor COX-2 Reversible 17 CV
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higher than the highest recommend daily dose for humans (200 mg/day) [26]. NF-κB p50 
subunit deficiency prevented NF-κB from translocating from the cytosol to the nucleus, effec-
tively preventing downstream gene transcription in response to endothelial injury. NF-κB 
p50 subunit deficient mice had decreased IA size and internal elastic lamina damage [27]. 
Complete blockade of NF-κB, through the use of a decoy oligodeoxynucleotide which produces 
anti-NF-κB effects, reduced macrophage infiltration into IA walls and prevented formation of 
IA entirely in rats [27]. In an elastase model of abdominal aortic aneurysm (AAA) in rats, 
treatment with the nonselective COX inhibitor indomethacin reduced aortic dilation asso-
ciated with elastase infusion and prevented the rapid increase in PGE2 synthesis that was 
seen in the elastase group [28]. Expanding on the previous findings, treatment of rats with 
indomethacin attenuated the loss of elastin and expression of MMP-9 mRNA when compared 
to vehicle-treated controls [6]. Taken together, treatment of rats with NSAIDs belonging to 
the nonselective COX and selective COX-2 subgroups effectively decreased IA growth which 
likely occurred through inhibition of the COX-2-PGE2-EP2-NF-κB signaling pathway. 

NSAIDs Reduce ROS in IA via TNF-α Inhibition
ROS are natural byproducts of cellular metabolism, but when their production surpasses 

the capacity of the bodies’ antioxidant systems, cellular damage can result. In the case of IA, 
generation of ROS can lead to increased MMP activity and VSMC apoptosis. Aspirin, a nonse-
lective COX inhibitor, inhibits the NF-κB signaling pathway, decreases macrophage activation, 
and decreases the release of the proinflammatory cytokines IL-6 and TNF-α (Fig. 3) [17]. 
Treatment of rodents with the TNF-α inhibitor etanercept slows IA formation which is asso-
ciated with reduced NF-κB activity and subsequent inhibition of iNOS and MMP expression 
[18]. 

NF-κB is controlled by TNF-α-tumor necrosis factor receptor 1 (TNF-α-TNFR1) signaling, 
and TNFR1 deficiency leads to reduced IA formation in mice [29]. While TNF-α inhibitors 
have been shown to be effective in other inflammatory diseases, such as rheumatoid arthritis, 
they are expensive and have a long duration of action. TNF-α inhibitor effects last for days, 
resulting in undesired and prolonged immune suppression. Like TNF-α inhibitors, most 
NSAIDs suppress NF-κB activation and downstream transcription of proinflammatory genes 
TNF-α, iNOS, and MMPs [25]. However, NSAIDs have a shorter duration of action and are inex-
pensive compared to TNF-α inhibitors, supporting the idea that NSAIDs are a good therapy 
candidate for IA [29]. 

Evidence that NSAIDs Prevent IA Rupture

NSAIDs and MMPs
During vascular disease states, MMP expression increases and results in degradation of 

the ECM and EC tight junctions [16]. There are twenty-five MMPs, of which the gelatinases, 
MMP-2 and MMP-9, have been implicated in IA and ischemic stroke [30]. Both in vivo animal 
and clinical studies suggest that NSAIDs, in particular aspirin, inhibit MMPs and prevent IA 
destabilization and subsequent rupture. Human monocyte-derived macrophages treated 
with aspirin have reduced MMP-2 and MMP-9 expression and release, as well as reduced 
expression of NF-κB [31]. Marfan syndrome, a genetic condition caused by mutations of the 
fibrillin-1 (FBN-1) gene, often results in the formation of aneurysms with the same charac-
teristics as IA: deterioration of the ECM and chronic inflammation in the vessel wall. Treatment 
of FBN-1 knockout mice, a relevant model of IA, with the NSAID indomethacin prevents 
elastin degradation and macrophage infiltration and dampens the upregulation of MMP-2 
and MMP-9 expression that is seen in untreated FBN-1–/– mice [32]. In response to inflam-
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matory stimuli, TNF-α can activate NF-κB which can bind to MMP-9 and promote expression 
directly [33, 34]. TNF-α can also activate mitogen-activated protein kinases, which subse-
quently phosphorylate extracellular signal-regulated kinase (ERK), resulting in translocation 
to the nucleus and increased MMP gene transcription (Fig. 3) [34]. Furthermore, treatment 
of cultured mouse macrophages with aspirin reduced TNF-α-induced NF-κB activation and 
ERK phosphorylation, resulting in decreased MMP-2 and MMP-9 expression [34]. Based on 
these observations, it is possible that both TNF-α-NF-κB and TNF-α-ERK signaling work 
synergistically to influence MMP expression, and that inhibition of MMPs may be due to 
NSAIDs action on these pathways. 

In silico experiments have been conducted to assess the potential effectiveness of the 
NSAID and nonselective COX inhibitor piroxicam at inhibiting MMPs [30]. The 3-D structures 
of MMP-2 and MMP-9 receptors and previous pharmacophore information for reference 
NSAIDs and MMP inhibitors were used to determine how piroxicam would interact with the 
given molecules in vivo. The active sites of MMP-2 and MMP-9 were investigated and key 
residues important for MMP enzymatic inhibition were identified, including alanine 84 and 
leucine 83 on MMP-2 and proline 421 on MMP-9 [30]. Modeling suggests that piroxicam 
forms stronger hydrogen bonds to the identified critical residues on MMP-2 and MMP-9 
compared to other MMP-inhibitors, melatonin and doxycycline. Stronger binding affinity by 
piroxicam to MMP active sites suggests that it would provide greater inhibition of MMP 
activity and better prevent the breakdown of the ECM than MMP inhibitors. 

NSAIDs and Endothelial Progenitor Cells
An early feature of IA is dysfunction and degradation of ECs, as evidenced by functional 

and morphological changes [35]. EC health and function relies upon a balance between the 
degree of endothelial damage and the body’s repair capacity. Injury to the vascular wall stim-
ulates the release of endothelial progenitor cells (EPCs), which are a subpopulation of hema-
topoietic stem cells that have the ability to proliferate, migrate, and differentiate into ECs thus 
playing a critical role in vascular repair [36, 37]. Patients at risk for vascular disease have 
fewer circulating EPCs, decreased EPC migration, and increased senescence compared to 
healthy controls, suggesting that these patients have impaired ability to repair vessel wall 
damage [35, 38].

NSAIDs affect EPC migration, adhesion, and senescence. EPCs harvested from healthy 
patients and treated with low-dose aspirin (between 0.1 and 100 µmol/L) have increased EPC 
migration, adhesion, and delayed EC senescence but not proliferation [33]. In the same study, 
high-dose aspirin (> 1 mmol/L) abolished these beneficial effects, suggesting that the effects 
of aspirin are dose-dependent [33]. This dose dependence has been observed by other inves-
tigators [33, 37]. Aspirin preferentially inhibits COX-1 over COX-2 and begins to inhibit 
platelet aggregation at low doses. However, COX-2 inhibition requires much higher doses, 
thereby reducing the positive effects on EPCs. This dose-dependent effect of aspirin on EPCs 
is important because EPC migration to areas of the vessel wall and increased EPC adhesion 
may improve a patient’s ability to respond to hemodynamic stress. Increased ability for tissue 
repair may prevent IA growth. However, in the case of aspirin, the dose at which beneficial 
EPC effects are seen may not be high enough to produce the anti-inflammatory effects of 
COX-2 inhibition. 

NSAIDs and VSMCs
VSMCs exist in several different phenotypes. The most common phenotype of VSMCs is 

the contractile phenotype. Contractile VSMCs act to control blood flow and maintain pressure 
within vessels. Phenotypic modulation of VSMCs can occur in response to a range of stimuli, 
resulting in VSMCs changing from a contractile phenotype to a proinflammatory and matrix 
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remodeling phenotype [19]. Previous research has suggested that VSMC phenotypic modu-
lation in response to inflammatory stimuli plays a major role in the development of athero-
sclerosis and IA. The modulation is mediated, in part, by TNF-α [39, 40]. Animal studies of 
VSMCs support this idea. VSMCs isolated from a mouse model of AAA have reduced levels of 
contractile phenotypic markers α-actin, desmin, and SM22α [39]. COX-2 mRNA expression in 
VSMCs was upregulated in both rodent and human AAA and IA studies [13, 39, 41]. Treatment 
of AAA mice with the selective COX-2 inhibitor celecoxib significantly decreased VSMC marker 
expression for differentiation [39]. This decrease in phenotypic modulation in VSMCs can be 
attributed to a reduction in inflammation as a result of selective COX-2 inhibition, potentially 
through reduced TNF-α activation of NF-κB.

Normally, VSMCs do not produce iNOS, but in response to inflammatory cytokines iNOS 
production can be induced. Several studies evaluating aspirin and indomethacin have assessed 
the effects of these NSAIDs on iNOS production in VSMCs. One study evaluated the effects of 
aspirin on iNOS in primary VSMCs isolated from rat aorta. Aspirin inhibited iNOS protein 
expression in VSMCs through direct binding to the catalytic domain of iNOS protein preventing 
its conversion by L-arginine into NO [42]. This direct effect was not seen with indomethacin 
treatment. However, indomethacin and aspirin inhibit iNOS production indirectly through 
inhibition of NF-κB activation [43]. Structural differences between indomethacin and aspirin 
may be responsible for this differential effect on iNOS production.

NSAIDs and Clinical Trials
Several large clinical trials have been conducted to investigate the efficacy of NSAIDs in 

the treatment of vascular diseases ranging from peripheral artery disease to IA. While trials 
involving NSAIDs and IA are the most relevant, trials looking at various other vascular diseases 
are not without merit. The International Study of Unruptured Intracranial Aneurysms (ISUIA) 
is the largest case-control study to date investigating aspirin in the treatment of IA [44]. 
Macrophage infiltration into the vessel wall is thought to be a driving factor in IA patho-
genesis and growth. Using the contrast agent ferumoxytol, investigators were able to acquire 
MRI images of patients with unruptured IAs and quantify macrophage accumulation in the 
aneurysm wall. Patients that took aspirin at least three times per week over the course of 3 
months had a significantly lower risk of IA rupture than patients who never took aspirin, as 
evidenced by a reduction in ferumoxytol-enhanced MRI signal [45]. It is important to note 
that the patients enrolled in the ISUIA study had IAs that were classified as having a low-risk 
of rupture and that IA morphology may affect clinical outcomes of aspirin treatment [44, 46]. 

Selective COX-2 Inhibitor Safety Concerns

The safety profile of selective COX-2 inhibitors has been brought into question given the 
increased incidence of serious cardiovascular events attributed to these drugs [47]. Selective 
COX-2 inhibitors reduce the production of PGI2 and its atheroprotective effects. Concurrently, 
COX-1 produces TXA2, which stimulates platelet aggregation and vasoconstriction [48]. The 
combination of a lack of COX-2 and continued COX-1 activity can result in increased heart 
attack and stroke risk. The Adenomatous Polyp Prevention on Vioxx (APPROVe) trial assessed 
the safety of Vioxx (rofecoxib), a selective COX-2 inhibitor, and saw increased cardiovascular 
risks that led Merck and Pfizer to withdraw similar selective COX-2 inhibitors from the market 
[48]. The Safety in Idiopathic Arthritis: NSAIDs and Celebrex Evaluation Registry (SINCERE) 
trial did not see any significant effect of celecoxib on cardiovascular thromboembolic events 
[47]. At high doses, nonselective COX inhibitors have been known to increase incidence of 
cardiovascular events at a similar rate to those seen with selective COX-2 inhibitors, suggesting 
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that safety is dependent upon dose and duration of treatment [48]. A large cohort study 
showed that administration of the selective COX-2 inhibitors rofecoxib and celecoxib in 
concert with low-dose aspirin (up to 81 mg/day) reduced the incidence of cardiovascular 
events typically seen with selective COX-2 inhibitor use alone and reduced the gastrointes-
tinal effects seen with aspirin use alone [49]. Low-dose aspirin, when used concomitantly 
with selective COX-2 inhibitors, may inhibit COX-1 production of TXA2 enough to reduce 
platelet aggregation without significantly inhibiting PGI2 and downstream parietal cell 
function [49]. Specific IA rupture risk, as well as patient cardiovascular medical history and 
current health status, needs to be weighed against the potential benefits for treatment with 
either nonselective COX or selective COX-2 inhibitor treatment. 

Statins and IA Risk Reduction

In addition to NSAIDs, other agents have shown promise in reducing IA development and 
rupture. Of these agents, statins, known as 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors, have been shown to have anti-inflammatory properties that are 
independent of their lipid-lowering effect [50–52]. However, the effect of statins on aneurysm 
growth is a disputed topic. 

In a clinical study of aorta from patients on statin therapy for at least 6 weeks prior to 
abdominal aortic, aneurysm repair found that statins reduced the expression of selected 
inflammatory mediators within the vessel wall through a shift in the M1/M2 balance, and 
reduced markers linked to macrophage differentiation [53]. However, in this investigation, 
statins did not reduce aortic aneurysm growth, making the clinical relevance in this setting 
unclear. A recent systematic review and meta-analysis of statin use and AAA growth, rupture, 
and perioperative mortality found that statins were associated with a lower risk of all three 
[54].

That being said, the pathological processes underlying abdominal aneurysms and 
cerebral aneurysms are different, with less focus on atherosclerotic disease, and more on 
hemodynamic and genetic factors. Furthermore, the low incidence rate has made proving the 
effectiveness of statins on aneurysm rupture difficult. Multiple animal model studies have 
demonstrated reduced aneurysm rupture [55–57]. Additionally, smaller case-control studies 
in specific populations have shown reduced incidence of cerebral aneurysm rupture in 
patients taking statins; however, this study had several limitations based on its design and 
inequalities between groups [58]. When associations between aneurysm formation and 
statins were addressed in another case-control study, no association was found [59].

Further research is needed to assess the role of statins in cerebral aneurysm formation, 
growth and rupture risk. A better delineation of the nonlipid mechanisms of anti-inflam-
matory effects is warranted along with prospective clinical studies before further recommen-
dations can be made.

Conclusions

IA is a chronic inflammatory disease of the arterial wall characterized by EC degradation 
and VSMC dysfunction. NSAIDs are a promising drug therapy for IA and prevention of SAH. 
These drugs decrease the chronic inflammation characteristic of IA through the inhibition of 
the COX-2-PGE2-EP2-NF-κB signaling pathway and could significantly attenuate IA rupture 
risk. NSAIDs effectively inhibit COX-2, thereby reducing the activity of NF-κB and the genes 
NF-κB induces, including TNF-α, iNOS, and MMPs. Aspirin, as well as other nonselective and 
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selective COX-2 inhibitors, are known to inhibit the release of proinflammatory cytokines 
TNF-α, MCP-1, IL-1, and IL-6. In addition, TNF-α inhibition in rats by etanercept reduces ROS 
and MMP production in IA. Long-term use of both subtypes of NSAIDs can lead to serious 
cardiovascular side effects. Due to these increased risks, studies focusing on specific dose-
dependent effects and duration of treatment need to be conducted. 

Presently, there are two active clinical trials that are aimed at assessing the effectiveness 
of aspirin in preventing IA rupture. The first trial, The Clinical Benefit and Risk of Oral Aspirin 
for Patients Who Have Unruptured Intracranial Aneurysm Combined with Cerebral Ischemia 
(CBROAUNACCI), is being conducted in Beijing. This trial will identify patients with cerebral 
ischemia and IA that would be suited for aspirin therapy and determine the effects aspirin 
treatment has on preventing IA rupture. The second trial based in Germany, Acetylsalicylic 
Acid Plus Intensive Blood Pressure Treatment in Patients with Unruptured Intracranial Aneu-
rysms (PROJECT-U), is assessing a combination therapy of aspirin and any blood pressure 
treatment on unruptured IA compared to standard care. 

Selective COX-2 inhibitors are still a relatively new class of NSAIDs. Current clinical trials 
are focusing on the nonselective COX inhibitor aspirin, most likely due to the cardiovascular 
concerns associated with selective COX-2 inhibition. Further research should be conducted 
on the dose-dependent effects and cardiovascular risks associated with selective COX-2 
inhibitors given that they are still a relatively new class of drug. Additional studies should 
focus on assessing the safety and efficacy of concurrent use of low-dose aspirin and selective 
COX-2 inhibitors to treat IA. In conclusion, the current basic science and clinical data support 
NSAID therapy in preventing IA rupture, but more research is needed minimize deleterious 
cardiovascular and gastrointestinal risks.
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