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Abstract

The genetics of intracranial aneurysms is complex. Much work has been done looking 

at the extracellular matrix surrounding cerebral vasculature as well as the role of matrix 

metalloproteinases. This comprehensive review summarizes what is known to date about the 

important genetic components that predispose to aneurysm formation and critically discusses 

the published findings. We discuss promising pre-clinical models of aneurysm formation 

and subarachnoid hemorrhage, and highlight avenues for future discovery, while considering 

limitations in the research to date. This review will further serve as a comprehensive reference 

guide to understand the genetic underpinnings for aneurysm pathophysiology and act as a primer 

for further investigation.
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1. Introduction

Intracranial aneurysms (IA) occur in ~3–6% of the population [1]. The incidence of 

aneurysmal subarachnoid hemorrhage (aSAH) is between 10 and 15 per 100,000 people 
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per year. For those individuals harboring an IA that results in aSAH, about one-third will 

die; of the survivors, half will recover sufficiently to lead a functional life, and the remainder 

will need support in order to continue their normal daily activities [2]. Due to the devastation 

caused by aSAH, research has been devoted to elucidating the pathogenesis underlying IA 

formation, with the goal that an increased understanding of the disease process will allow for 

prevention, early identification, and treatment, for those at risk.

Prior to the rise of genetic sequencing and other genetic tools, epidemiological studies 

demonstrated several correlations between patterns of inheritance with IA formation and 

rupture. First and second degree relatives of patients who harbor an IA, or who have 

suffered aSAH, have a 2–4 fold increased risk of developing an IA themselves [3]. 

Further, there is also an approximately three times greater risk of aSAH among Japanese 

and Finnish populations compared to other nationalities [4]. Well-known genetic disorders 

including autosomal dominant polycystic kidney disease, Ehlers-Danlos syndrome, Loeys-

Dietz syndrome, Marfan syndrome, tuberous sclerosis, and fibromuscular dysplasia are all 

associated with increased risk of IA development [2]. Each of these diseases is characterized 

by genetic mutations at unique loci, supporting the notion that the pathogenesis of IA may 

be mediated by a diverse group of gene products and regulatory proteins.

Investigation into the genetics of IAs has since been predicated upon either elucidating the 

culprit genes behind these recognized associations or discovering novel loci associated with 

IA risk. Genome-wide association studies (GWAS) have been pivotal to these efforts. The 

most robust GWAS to date have utilized single nucleotide polymorphism (SNP) data from 

thousands of cases and controls to reveal several susceptibility loci including the SOX17 and 

CDKN2A genes [5,6]. The proteins encoded by these genes regulate endothelial function 

and blood vessel formation, supporting the hypothesis that genetic variation affecting the 

extracellular matrix or related factors would most impact IA risk.

Histologically, IA aneurysms are characterized by a disruption of the inner elastic lamina 

(IEL), thinning of the tunica media with a reduction in the number of vascular smooth 

muscle cells (VSMC), and a disorganization of the extracellular matrix (ECM) [7]. 

These observed morphological changes have led researchers to focus on the expression 

of genes responsible for maintaining vascular wall integrity and preventing vascular 

remodeling following vessel wall injury. Research into the genetic basis of IA may yield 

the identification of specific biomarkers and provide for novel genetic therapies to alter 

clinical management of IA. This paper provides a critical evaluation of the current literature 

implicating specific genes underlying IA pathogenesis and avenues for future research. We 

specifically look at the supportive vascular matrix, matrix metalloproteinases, nitric oxide, 

and inflammatory mediators.

2. Pathways: supportive vascular matrix

A complex interplay between factors influencing the synthesis, deposition, and proteolysis 

of ECM proteins is thought to contribute to aneurysmal development (Fig. 1). In order to 

accurately quantify protein levels, one must understand the balance between synthesis and 

degradation. An elevation in protein levels may be attributed to an increase in its synthesis, 
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or a decrease in its degradation. Conversely, a reduction in protein levels may be attributed 

to a decrease in its synthesis, or an increase in its degradation.

2.1. Upregulation of fibronectin

Peters and colleagues, reported a significant upregulation of mRNA encoding the ECM 

constituent fibronectin in the middle cerebral artery (MCA) of a three-year old child 

harboring multiple saccular aneurysms [8]. Utilizing tissue samples obtained from the same 

patient’s superior temporal artery (STA) as a control, they found fibronectin expression 

to be upregulated about 100-fold in intracranial aneurysms. Fibronectin is a glycoprotein 

dimer, consisting of two ~250 kDA subunits covalently linked near the C-terminus via 

a pair of disulfide bonds. The most abundant glycoprotein found in connective tissue, 

fibronectin contains multiple binding domains for various ECM molecules (ie. integrins, 

collagen/gelatin, heparin, and fibrin). The presence of these multifunctional binding domains 

permits fibronectin to mediate a myriad of cellular interactions within the ECM, including 

cell adhesion, migration, growth, and differentiation [9]. It is synthesized by endothelial 

cells, VSMC, and fibroblasts, and promotes vascular remodeling following a noxious insult 

[10].

It is thought that aneurysms develop as a result of an inability to maintain vascular 

homeostasis—that is, a faulty compensatory response to maintain vessel wall integrity after 

an environmental insult, such as smoking, age related damage, or sustained hypertension 

[11]. The elevated fibronectin mRNA, suggests a pattern of vascular proliferative repair in 

aneurysmal tissue [8].

Using a rat animal model of IA, Futami et al., performed immunohistochemical analysis to 

compare fibronectin levels in cerebral aneurysmal lesions and normal controls. In control 

rats, they observed continuous fibronectin staining in the arterial subendothelial layer. In 

contrast, early aneurysmal lesions in experimental rats were found to have an absence of 

fibronectin within the subendothelial layer. A third cohort, in which a proliferative repair 

response was induced following aneurysmal formation, was found to be immune-positive for 

fibronectin within the subendothelial layer [10].

The elevated fibronectin mRNA observed in human IAs suggests the presence of an 

ongoing reparative response. Yet, without immunohistochemical tissue analysis in human 

specimens, it is unclear whether these mRNA transcripts yield a functional protein product 

via translation. Furthermore, the ubiquity of potential protein products, owing to fibronectin 

mRNA alternative splicing [9], raises the possibility that this elevated population of 

fibronectin mRNA transcripts is absent in normal tissue. As such, specific nucleotide 

sequencing is indicated to detail the specific mRNA transcripts that are found to be elevated 

in IAs. This additional data will indicate whether the problem is at the transcriptional 

level, resulting in inappropriate mRNA products, or if downstream processes (ie. increased 

degradation) facilitate fibronectin turnover.

2.2. Altered expression of collagen subtypes

In addition to observing elevated fibronectin mRNA in IA tissue samples, Peters et al. noted 

an elevation of certain subtypes of the ECM component of collagen. Specifically, they noted 
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that compared to the STA control, the IA tissue was characterized as having an elevation 

in mRNA transcripts for collagen type III alpha-1 (34:7), collagen type I alpha-2 (20:1), 

collagen type VI alpha-1 (13:1), collagen type VI alpha-2 (9:1), collagen type IV alpha-1 

(5:0), and elastin (5:0) [8].

In tissue isolate from 15 patients with IA, Mimata et al. also reported an elevation of type 

III collagen mRNA in fibroblastic and VSMC [12]. Collagen type III alpha-1 is a product 

of the COL3A1 gene, and is the mutation site of individuals suffering from Ehlers-Danlos 

syndrome type IV [13]. This mutation negatively affects the metabolism of type III collagen, 

producing a nonfunctional pro-alpha-1 type III collagen chain, a major constituent of vessel 

walls, thereby predisposing these individuals to arterial rupture and aneurysm formation. In 

a study encompassing 220 patients with Ehlers Danlos type IV, Pepin et al., reported the 

incidence of cerebrovascular events to be 2.1% [14].

In a 1983 study published by Nicholls and colleagues, researchers obtained skin and STA 

biopsies from 17 patients undergoing surgery to repair an IA, and from 6 control patients 

undergoing surgical resection of either a glioma (3) or a meningioma (3). 11/17 of the 

aneurysmal patients demonstrated a deficiency of type III collagen, whereas all control 

patients had normal levels of type III collagen [15]. This finding suggested an association 

between type III collagen deficiency and aneurysmal development in persons not affected by 

Ehlers-Danlos type IV.

In an effort to identify any COL3A1 genetic polymorphisms correlated with IAs, Brega 

and colleagues isolated DNA from peripheral leukocytes extracted from whole blood in 19 

patients who had been found to have cerebral aneurysms. DNA from patients with cystic 

fibrosis and Duchenne muscular dystrophy was used for a control, as these diseases are not 

known to have a correlation with connective tissue disease or cerebral aneurysms. Using 

AvaII endonuclease, Brega et al. produced variable COL3A1 gene fragments of sizes 5.7 

kilobase (allele A) and 4.3 kilobase (Allele B), and a constant fragment of 2.6 kb. Of note, 

58% of aneurysm patients harbored at least one type B allele; whereas, only 13% of control 

patients were found to have the type B allele—a statistically significant difference [16]. 

This finding suggests an association of the type B allele with aneurysmal development. 

However, van den Berg et al. note that this polymorphism is located in a non-coding intron, 

and suggest that such a variance is unlikely to have any biologically relevant consequence. 

Furthermore, Van den Berg et al. found no observable link between COL3A1 gene mutation 

and IA among 41 patients with confirmed berry aneurysms [17].

Currently, one cannot definitively apply causation to a specific COL3A1 gene polymorphism 

to IA development. The elevated COL3A1 mRNA transcript observed by Peters et al., would 

not conflict with findings of reduced protein levels in the event that these transcripts do not 

yield a functional product. This could be attributed to premature degradation of mRNA or 

proteins due to innate instability, thereby resulting in reduced protein levels [8].

The second collagen transcript Peters et al. found to be elevated, collagen type I alpha-2, is 

encoded by the COL1A2 gene, is located on chromosome 7q22.1 [18]. This gene partially 

encodes for type I collagen, which is present in blood vessels, and is the most abundant 
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form of collagen found in the human body. Comprised of two alpha-1, and one alpha-2 

chains, type I collagen, when deficient, has been associated with IAs [19]. Mutations in 

COL1A2 also result in osteogenesis imperfecta, a disease characterized by an autosomal 

dominant inheritance pattern resulting in bone fragility and connective tissue defects [20]. 

In a study comprising 260 Japanese patients with IA (115 of the familial variety), and 

293 age-matched controls, Yoneyama et al., observed a significant association between 

three specific COL1A2 gene polymorphisms and IAs. Yoneyama and colleagues, observed 

correlative small nucleotide polymorphisms (SNPs) at position 32—a silent mutation—

and a polymoprhism of intron 46. The greatest allelic association was observed with 

polymorphism rs42524, a mutation occurring at exon 28, resulting in an A→ P subsitution 

of the amino acid residue at position 459 [20]. They synthesized 2 collagen-related peptides, 

one with the normal amino acid sequence, and one with proline substitution at position 

459. In solution, both protein structures formed triple helical aggregates, with thermal 

stability testing demonstrating increased stability following the proline substitution. From 

this finding, Yonyeama et al., postulate that the Pro-459 variant affects vascular wall stability 

by altering its rigidity or elasticity [18]. Extending the findings of Yonyeyama, and his 

colleagues, Zhu et al., analyzed the same polymoprhism using DNA samples taken from 

225 IA patients and 326 age-matched controls. Consistent with previous findings, Zhu 

et al., observed a significant association between IA and the polymorphism rs42524 of 

COL1A2 for sporadic IA in the Chinese population [21]. Glasker et al., also identified 

a significant association between rs42524 and IA in a German population [22]. Because 

these findings are consistent among multiple ethnic groups, the association between rs42524 

polymorphism of COL1A2 and IA is likely not unique to a specific demographic.

Peters et al. also observed an elevation in the transcript encoding type IV collagen alpha-1, a 

product of the COL4A1 gene. The alpha 1 collagen is ubiquitous in basement membrane of 

tissues located throughout the body [23]. In some individuals, COL4A1 mutations produce a 

unique phenotype termed HANAC syndrome, whereby these patients present with hereditary 

angiopathy, nephropathy, aneurysms, and muscle cramps [24]. The gene consists of 52 

exons located at chromosome 13q34, and mutations of this gene have been found to 

cause sporadic, as well as recurrent intracerebral hemorrhages. The increased frequency 

of intracerebral hemorrhage in these patients is thought to be secondary to small vessel 

disease. Furthermore, mutations of this gene have been associated with the development of 

IAs, suggesting a significant role for type IV collagen-alpha 1 DNA mutations resulting in 

cerebrovascular disease [25].

In animal studies, Futami et al., noted a pattern of type I and IV collagen disintegration 

similar to that observed in fibronectin. In normal control rats, Futami et al. observed 

continuous staining of both types of collagen in the subendothelial layer, in the area 

surrounding VSMC, and a diffuse staining in the tunica adventitia. As with fibronectin, 

aneurysmal lesions were void of both types of collagen in the subendothelial layer. In 

addition, for those rats with aneurysmal lesions in which a proliferative repair response was 

induced, Futami et al., failed to observe a reconstitution of type I and type IV collagen 

staining [10]. Despite the elevated mRNA transcripts observed in IA tissue, animal studies 

do not demonstrate an increase in collagen protein in aneurysmal tissue. As with fibronectin, 
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identification of the specific nucleotide sequence increased in human aneurysmal tissue is 

necessary to completely characterize the pattern of collagen gene expression observed.

The last two collagen subtypes Peters et al., found elevated in IA—collagen type VI-alpha 1 

and collagen type VI-alpha 2—together partially encode type VI collagen [8]. The COL6A1 
and COL6A2 genes are present on chromosome 21. Mutations in the genes encoding 

type VI collagen (COL6A1 and COL6A2) result in Bethlem myopathy—a condition 

characterized by contracture of multiple joints, generalized muscle weakness, and wasting 

[26]. Type VI collagen is found in all tissues containing type I/III collagen fibers, and is 

thought to serve as an attachment site to anchor blood vessels to the surrounding ECM. 

In vitro studies have demonstrated the ability of type VI collagen to interact with various 

ECM components, including proteoglycans, collagens, hyaluronan, heparin, and integrins. 

In a study published by Kuo et al., type VI collagen was found to have significant binding 

capacity for type IV collagen, fibronectin, and type VI collagen—with the strongest binding 

observed between type VI and type IV collagen. Using immunofluorescent labeling, Kuo 

and colleagues observed co-localization of type VI and type IV collagen, which suggests 

a vital role for type VI collagen in maintaining endothelial basement membrane integrity. 

The interaction between type VI and IV collagen is further substantiated by experiments 

demonstrating that, following incubation, one can co-immunoprecipitate both forms of 

collagen using antibodies targeting either type IV or type VI collagen [25]. Interestingly, 

Armstrong et al., report a downregulation of collagen type VI-alpha-1 mRNA in human 

abdominal aortic aneurysms [27]. Studies have shown that the specificity of collagen 

type IV/VI binding is dependent on an intact VI-alpha1 subunit [25]. It stands to reason 

that a reduction in type VI-alpha-1 protein may lead to arterial structural instability by de-

stabilizing basement membranes. In a 1988 study, Roggendorf et al., found type VI collagen 

to be absent from normal, human cortical vasculature; however, it was found to be present 

in the intima and media in cerebral blood vessels isolated from hypertensive patients via a 

surgical biopsy [28]. Mimata et al. were able to confirm these findings. In control samples, 

the researchers found type VI collagen only present in the adventitia; whereas, in human 

aneurysmal tissue, type VI collagen was found present in the luminal wall and abluminal 

layer [12]. Furthermore, type VI collagen was found to be co-distributed with type III 

collagen. From these findings, Roggendorf et al., surmised that a local elevation in cerebral 

blood pressure results in an altered pattern of vascular development causing aberrant type 

VI collagen deposition, and through its interaction/stabilization with other ECM proteins, a 

thickening of vascular basement membranes [28]. Of note, arterial hypertension has been 

identified as one of the most significant risk factors associated with the development of IA 

amongst the general population [29]. Based on the work of Mimata et al. and Roggendorf 

et al., it appears that aneurysms demonstrate a pattern of inappropriate type VI collagen 

deposition, and this process begins in hypertensive patients prior to the development of an 

IA. This theory would coincide with the elevation of type VI alpha-1 and type VI alpha-2 

observed in IA by Peters et al. Because the patient in Peters report was only three years old, 

it seems likely that alterations in type VI collagen gene expression may result in aneurysmal 

development independent of hemodynamic stressors.
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2.3. Altered elastin expression

In addition to collagen and fibronectin, Peters et al. also observed an upregulation of 

mRNA encoding the protein elastin [8]. Located on chromosome 7q11.2, the 45 kb elastin 

(ELN) gene contains 34 exons, and its corresponding protein contributes to the elastic 

characteristic of blood vessels [30]. Synthesized by VSMCs, elastin is released as the 

monomer tropoelastin, and its final assembly is mediated by the cross-linking enzyme 

lysyl oxidase [31]. Marfan syndrome, a connective tissue disorder caused by mutation of 

the FBN1 gene, has been shown to be associated with IAs. It is thought that through its 

interactions with elastin, fibrillin-1, a product of the FBN1 gene, provides structural stability 

to connective tissues [32]. Studies have shown that patients with Marfans syndrome have 

altered elastin metabolism in the vessel wall of the ascending aorta [33].

In a study of familial IA in the Japanese population comprising 104 affected sibling pairs, 

Onda et al., observed 14 unique polymorphisms of the ELN gene. Moreover, linkage 

analysis revealed a significant pattern of co-inheritance between the D7S2472 marker 

and ELN—separated from each other by 400 kb. Furthermore, Onda et al. found the 

frequency of the Mm haplotype (INT20/INT23) to be significantly higher in the IA Japanese 

population than in the controls. From this finding, the researchers propose the presence 

of this haplotype predisposes individuals to developing an IA [34]. Extending upon these 

results, Farnham et al. also reported a significant linkage between the D7S2421 and the ELN 
gene in patients from Utah harboring an IA [35]. This finding indicates that ELN linkage 

association with IA is not restricted to the Japanese population, and may be involved in 

familial IA development in other demographics.

Further implicating the ELN gene for IA development, Akagawa et al., identified a SNP 

of the 3’-untranslated region of ELN to be associated with IAs in Japanese patients [31]. 

Using umbilical artery smooth muscle cells (UASMCs), ex vivo studies demonstrate a 

reduction of ELN transcription in cells with an adenine insertion SNP at position 502. 

Furthermore, Akagawa et al. performed in vitro transfection studies of HEK293 cells with 

the aforementioned ELN 3’-UTR SNP, and showed a reduction in luciferase activity—as 

compared to the control vector without insertion. Because ELN mRNA levels are regulated 

by mRNA/protein interactions, the researchers synthesized two 53 nucleotide digoxigenin-

labeled RNA transcripts to test for the presence of an A +502 SNP allele specific RNA-

protein interaction. One transcript contained the ELN 3’-UTR nucleotides +477 to +529, 

and the other contained an adenine insertion at +502. When DIG-labeled riboprobes were 

incubated with HEK293 cytoplasmic extracts, an allele-specific interaction was observed 

in the A +502 SNP allele—an interaction that was absent in the major allele. From this, 

they concluded that the A +502 SNP results in mRNA instability that may be attributed to 

accelerated degradation caused by an unidentified cytoplasmic factor. Due to the inherent 

instability of this mRNA, the authors suggested that ELN 3’-UTR (+502) produces less 

elastin, thereby creating a scenario of elastin deficiency in the vascular wall and increased 

susceptibility to aneurysmal development [36].

Association of the ELN locus with IA has not been without controversy; Yamada et al. and 

Mineharu et al., found no evidence of linkage for the ELN locus and familial intracranial 

aneurysms in the Japanese population [37,38]. Berthelemy-Okazaki et al., were not able to 
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replicate the results of Farnham et al., and found no association between ELN polymorphism 

and familial IA in the Utah population [39]. Furthermore, in a population of Central 

European patients with IAs, Hofer et al. report no linkage association of the ELN gene with 

IAs [40]. These findings were corroborated by McColgan et al., in a genetic meta-analysis 

that revealed no significant association between ELN and IAs [41]. In a post-mortem study, 

Chyatte et al. compared the elastin content of MCAs harvested at autopsy from five patients 

who died from aSAH to three control patients whose death was unrelated to cerebrovascular 

disease. Using Van Gieson stain, no differences in elastin content was observed between the 

two groups; however, the region of MCA harvested in those patients who died from aSAH 

was void of aneurysmal lesions [42]. Therefore, the results of this study may not accurately 

depict the cellular changes that occur at the site of an aneurysmal lesion. In fact, Abruzzo et 

al. obtained five samples of recently ruptured human IAs, and found the aneurysmal orifice 

to be demarcated from the parent artery by an absence of the internal elastic lamina [43].

2.4. Abnormal ECM assembly

Another marker, versican, a member of the hylauranon-binding proteoglycan family, is a 

major ECM component of soft tissues. Found on chromosome 5q12-14, the versican gene 

consists of 16 exons encompassing more than 90 kb of DNA. It is expressed by VSMC, 

and immunohistochemical analysis has shown versican to lie in close association with blood 

vessels [44] Versican interacts with the elastin fiber-associated protein fibrillin, which, in 

turn binds fibulin 2. Fibulin 2 binds to elastin, and through this indirect action, it is though 

that versican serves to mediate the organization, and assembly of elastic fibers [45].

Because of its role in ECM assembly, Ruigrok et al. sought to ascertain the presence of 

a link between the versican gene and IAs in the Dutch population. Of 16 SNPs, Ruigrok 

and colleagues, observed two markers—rs251124 and rs173686—yielding the highest 

association with IAs. Rs251124 was found to be present in 18.1% of IA patients, and in 

only 12.8% of control patients. Furthermore, rs173686 was present in 39.3% of persons 

with IAs; whereas, 32.2% of control patients were found positive for this allele. From these 

findings, Ruigrok et al. assert that variation in or near the versican gene plays a role in 

susceptibility to IAs [45]. Further implicating the versican gene in IA susceptibility, Onda et 

al. also found evidence of linkage at 5q22-31 in the Japanese population [34]. In addition, 

the 5q13-14 locus has been previously reported to increase susceptibility to thoracic aortic 

aneurysms, suggesting a common genetic etiology between IAs and aortic aneurysms [46].

Owing to alternative splicing, the versican gene produces multiple protein isoforms with 

varying consequences for ECM assembly. Moreover, the two SNPs Ruigrok et al., report to 

be associated with IAs occur within two exons (6 and 7) where alternative splicing takes 

place [45]. These exons encode binding domains for the glycosaminoglycan chondroitin 

sulfate. The largest splice variant (V0) contains both exons 6 and 7; whereas, in the 

smallest variant (V3) these domains are absent. When overexpressed, V3 promotes cell 

adhesion, reduces growth and migration, and induces tropoelastin synthesis [47]. Ruigrok et 

al. suggest that patients with IAs may be characterized by an alternative splicing mechanism 

that favors production of the largest splice variant, thereby resulting in a reduction in 

ECM assembly [45]. When comparing IA tissue to an STA control, neither Peters et al. 
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nor Changbin et al., observed differences in the pattern of versican gene expression [48]. 

However, because of alternative splicing, quantitative analysis of versican gene expression is 

inefficient. Because the various isoforms mediate distinct functions—owing to the presence, 

or lack thereof, of specific GAG binding domains—direct nucleotide sequence accurately 

characterizes the distinct species of versican mRNA present in IA tissue.

2.4.1. Matrix metalloproteinases—In addition to the aforementioned ECM structural 

components, factors regulating ECM turnover may also be implicated in IA development 

and pathogenesis. More specifically, abnormalities in ECM metabolism resulting in 

accelerated degradation could predispose individuals to IA development, and subsequent 

rupture. Matrix metalloproteinases (MMP) are a family of ECM proteases whose catalytic 

activity depends on the trace element zinc [49].

2.5. Upregulation of gelatinase A

A specific MMP, MMP2 is produced by fibroblasts, macrophages, leukocyte, smooth muscle 

cells, and endothelial cells [50,51]. Also referred to as gelatinase A, MMP2 mediates the 

proteolytic cleavage of type IV collagen found in basement membrane [52]. MMP2 is 

thought to play a role in both wound healing and angiogenesis [53]. The MMP2 gene is 

located on chromosome 16q13-q21 and mutations in this gene result in “vanishing bone” 

syndrome, an osteolytic bone disease [54].

In a study of 31 patients with cerebral aneurysms and 14 control patients—defined as 

persons undergoing craniotomy with no evidence of an aneurysm as determined by MRI 

or angiography—Chyatte et al. analyzed serum MMP2 enzymatic activity in samples of 

venous blood prior to surgical intervention [55]. Of the aneurysmal group, 52% of patients 

had suffered a previous aSAH. As compared to control patients, there was a three-fold 

increase in MMP2 enzymatic activity and a concordant reduction in serum procollagen 

peptide in the aneurysm group. However, in 15 patients with cerebral aneurysms, an increase 

in serum MMP2 activity was not observed. From these findings, it appears that increased 

serum MMP2 activity may be associated with the development and/or rupture of cerebral 

aneurysms. Because 15 patients did not demonstrate an increase in MMP2 enzymatic 

activity, this finding is best considered correlative, in that it does not reflect a sine qua 

non [42].

For those patients with an observed increase in serum MMP2, specific nucleotide sequence 

could indicate a link between MMP2 gene polymorphisms and the observed elevation in 

serum MMP2. Price et al., report the presence of fifteen SNPs in the MMP2 gene, with 

six variants in the promoter, one in the 5’UTR, one in a noncoding intron, and one in 

the 3’UTR. A cytosine to thymine transition mutation at position −1306 has been found 

to reduce MMP2 promoter activity by destroying the binding site for the transcriptional 

regulator protein Sp-1 [56].

2.6. MMP2 enzyme kinetics

In addition to alterations in gene expression, the accelerated rate of substrate degradation 

observed in MMP2 serum derived from aneurysmal patients may be attributed to altered 
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MMP2 enzyme kinetics. As such, three-dimensional characterization of the enzyme of 

interest, in addition to assays measuring MMP2 enzyme kinetics, are needed to adequately 

differentiate any potential differences in MMP2 function between these two cohorts.

Li et al. furthered our understanding of MMP2 activity in IA patients by investigating 

enzyme characteristics of MMP2 specifically localized in aneurysmal lesions. They 

performed immunohistochemistry and western blot analysis on IA tissue obtained from 

31 patients undergoing surgical clipping, and observed a significant increase in IA tissue 

MMP-2 protein levels—as compared to circle of Willis tissue samples obtained at autopsy 

from patients who died from causes other than cerebrovascular hemorrhage [57].

In a similar study, Caird et al. compared ten IA tissue samples obtained at autopsy from 

patients whose death was attributed to aSAH to nine from circle of Willis autopsy specimens 

obtained from patients whose death was due to reasons other than aSAH [58]. Consistent 

with the findings submitted by Li et al., Caird and colleagues observed little MMP2 

immunostaining in control samples; however, both atherosclerotic and non-atherosclerotic 

aneurysmal lesions demonstrated moderate to extensive MMP2 immunostaining [58]. Using 

two IA tissue samples, Caird et al. sought to expand this finding by analyzing the MMP2 

enzymatic activity in non-atherosclerotic aneurysmal tissue. Interestingly, they observed an 

absence of MMP2 enzymatic activity, suggesting an elevation of nonfunctional MMP2 in 

cerebral aneurysms [58]. Furthermore, Lovett et al. previously demonstrated that certain 

disease states are characterized by the expression of unique MMP-2 isoforms [59].

None of the aforementioned studies present data detailing the specific peptide sequence of 

the MMP2 protein in aneurysmal or control patients. As such, it is possible that unique 

MMP2 proteins exist within each of these groups. Without exhaustive efforts to characterize 

the functional activity of MMP2, and its 3D conformation in its active state, it is impossible 

to objectively compare MMP2 activity between aneurysmal and non-aneurysmal vascular 

tissue. The divergence in observed MMP2 activity as reported by Chyatte et al. and 

Caird et al. support the notion that serum MMP2 and aneurysmal MMP2 have unique 

functional properties, and may mediate aneurysmal development via unique pathways 

[55,58]. As such, complete characterization of the individual MMP2 polypeptide of interest 

will allow for more accurate comparison between patient groups within a given study, and 

between experiments seemingly comparing identical isoforms of MMP2—as determined by 

molecular weight.

2.7. Upregulation of MMP9

In addition to MMP-2, there is also evidence that MMP-9 plays a role in the development 

of IAs (Fig. 2) [58]. Transcribed from a gene located on chromosome 20q11.2-a13.1, 

MMP-9, also known as the collagenase type IV B and gelatinase-B, has been shown to be 

elevated in plasma obtained from patients with aortic root dilatations [60]. In addition, ten 

polymorphisms of the MMP9 gene have previously been reported by Zhang and colleagues 

[61]. In one SNP, a cytosine to thymine transition mutation at position −1562 of the MMP-9 

promoter has been shown to result in a loss of a protein nuclear binding site and increased 

transcriptional activity of this gene [62]. Moreover, individuals harboring this SNP have 

been showed to be at an increased risk for developing severe coronary arteriosclerosis 
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and IAs [63]. In addition, Shimajiri and colleagues observed an association between the 

length of a cytosine/adenine dinucleotide microsatellite repeat in the MMP-9 promoter 

and the transcriptional activity of this gene. More specifically, as compared to a 21 C/A 

dincucleotide repeat, luciferase assay of the MMP-9 promoter revealed that dinucleotide 

repeats of 18, 14, and 0 have 50%, 50%, and 5% of the transcriptional activity of a 21 C/A 

dinucleotide repeat, respectively [64].

Similar to MMP2, Kim and colleagues observed a significant elevation in MMP-9, as 

determined by western blot analysis, in IAs. Kim et al. obtained aneurysmal tissue from six 

patients undergoing surgical clipping for comparison with intracranial arterial tissue from 

six age-matched patients undergoing craniotomy for nonvascular diseases [65]. A portion 

of the STA from all patients was also obtained for further comparison. Kim and colleagues 

report an increase in MMP9 levels via nonimmunoprecipitated western blot analysis in 

aneurysmal samples, as compared to STA from patients in both the control and experimental 

group. Furthermore, in a separate set of patients—6 of whom had IAs, and 6 of whom did 

not—Kim, and his colleagues, found zymographic analysis to reveal no apparent differences 

in plasma MMP-9.

Consistent with these findings, Caird et al. observed significant immunohistochemical 

staining of MMP-9 in atherosclerotic human aneurysmal lesions, and an absence of staining 

in control Circle of Willis arteries. In contrast to MMP2, Caird and colleagues report an 

absence of MMP-9 immunohistochemical staining in non-atherosclerotic aneurysmal lesions 

in all but one sample—of which, staining was minimal. Furthermore, this patient was known 

to have diffuse atherosclerosis and coronary artery disease. Zymographic analysis of two 

non-atherosclerotic aneurysmal lesions revealed weak MMP-9 enzymatic activity, although 

not absent—as was seen for MMP-2. Of note, the authors do not indicate which of the six 

non-atherosclerotic aneurysmal tissue specimens was used for zymographic study [58]. If 

the authors included the unique patient in which immunohistochemical analysis revealed 

positive staining for MMP-9, the results may skew the data toward higher levels of MMP-9 

activity than can be expected to extrapolate to larger populations. As such, the presence 

of MMP-9 activity in non-atherosclerotic aneurysmal lesions cannot be conclusively 

determined from this paper alone. Despite this confounding variable, the differential 

expression of MMP-9 and -2 protein levels in atherosclerotic and non-atherosclerotic 

aneurysmal lesions suggests disparate mechanisms of pathogenesis. More specifically, 

MMP-9 and -2 may serve distinct roles in IA pathogenesis depending on whether the IA 

is superimposed at the site of an atherosclerotic lesion or elsewhere. An analysis of MMP-9 

and -2 enzymatic activity for both atherosclerotic and non-atherosclerotic aneurysmal 

lesions would provide for more complete comparison of the role of these proteases in these 

two patterns of aneurysmal development.

Aoki et al., found support for MMP-9 in aneurysmal pathogenesis in their study. As with 

MMP-2, immunohistochemistry revealed MMP-9 expression in aneurysmal lesions after 

three months of IA induction. Furthermore, control arteries were observed to be absent 

in MMP-9 expression. In contrast to MMP-2, RT-PCR revealed did not show MMP-9 

mRNA expression following one month of aneurysm induction, but mRNA was found 

to be upregulated after three months. MMP-9 mRNA was absent in the arterial wall of 
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controls [66]. Although, it is not yet currently clear how MMP-2 and -9 are involved 

in aneurysmal pathogenesis, both human and animal models indicate a clear role for 

these proteins. Unfortunately, there is significant, unexplained discrepancy between the 

observed elevation of MMP-2 and -9 in aneurysmal tissue and the low enzymatic activity. 

Because of documented SNPs in these genes, it seems logical that a study in which the 

specific nucleotide sequences of MMP-2 and -9 genes is mapped merits warrant in order to 

further understand differential MMP expression in aneurysmal tissue. However, Zhang and 

colleagues report no association in promoter SNPs and a predisposition for developing IAs 

[63].

An increased understanding of MMP-2 and -9 enzyme kinetics may reveal novel alterations 

in protein confirmation that could explain the low MMP-2 activity that Caird reported in 

human non-atherosclerotic IAs. Because Caird et al. did not identify the patients selected 

for MMP-9 zymographic analysis of non-atherosclerotic aneurysmal lesions, uncertainty 

remains regarding MMP-9 activity in these specimens [58].

2.7.1. Tissue inhibitors of metalloproteinases—In order to fully understand the 

role of MMP-2 and -9 in aneurysmal pathogenesis, the role of post-translational regulation 

in modifying matrix metalloproteinase activity has to be considered. Tissue inhibitors 

of metalloproteinases (TIMPs) mediate a myriad of physiological functions including 

inhibition of active MMPs and pro-MMP formation. There are four currently identified 

TIMPs, so called TIMP-1, TIMP-2, TIMP-3, and TIMP-4 [67]. MMP-2 is secreted as 

an inactive zymogen and its activation requires TIMP-2. Furthermore, activated MMP-2 

is inhibited via interaction with the C-terminal domain of TIMP-2. TIMP-1 serves to 

inhibit MMP-3 by inserting itself into the catalytic site and substrate-binding groove of 

MMP-3. TIMP-3 is also the only known TIMP to bind with high affinity to various ECM 

glycosaminoglycans [68].

In an attempt to characterize TIMP levels in IA tissue, Kim et al. obtained aneurysmal 

tissue from six patients undergoing surgical clipping with intracranial arterial tissue from 

six age-matched patients undergoing craniotomy for nonvascular diseases for controls [65]. 

A portion of the STA from all patients was also obtained for further comparison. Of note, 

western blot analysis revealed a significant increase in TIMP levels in aneurysmal tissue 

as compared to vessels taken from control patients and non-diseased STA segments taken 

from both the IA and control group. In addition, they report an increase in MMP9 levels for 

non-immunoprecipitated western blot analysis in aneurysmal samples as compared to STA 

from patients in the control group. From these findings, they propose the observed elevation 

in TIMP found in IA may serve to negatively regulate MMP-9, which was also found to be 

elevated in IAs [65].

2.8. TIMP genetics

To look for a genetic link between TIMP SNPs and IA pathogenesis, Krex et al. conducted 

a study including 44 patients with IA confirmed via cerebral angiography, and did not 

observe an association between SNPs in TIMP-1, -2, or -3 and intracranial aneurysms [69]. 
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Similarly, Hinterseher et al. did not demonstrate an association with TIMP-1 variants and 

abdominal aortic aneurysms [70].

Jin et al. demonstrated that alterations in MMP may be correlated with the natural history of 

IAs. Of thirty patients undergoing aneurysmal clipping, patients were divided into groups of 

15: those with ruptured aneurysms, and those with unruptured aneurysms. They performed 

RT-PCR, and report a significant upregulation for both MMP-2 and MMP-9 in tissue 

samples derived from ruptured IAs in comparison to unruptured IAs. Because ECM turnover 

is determined by the relationship between ECM synthesis and degradation, Jin et al., sought 

to compare the ratio between MMPs and TIMPs. They report an increased ratio of mRNA 

expression in MMP-2/-9 to TIMP-1, -2, and -3, in ruptured IAs in relation to unruptured 

IAs. Furthermore, they found serum MMP-2 and MMP-9 to be significantly greater in 

those patients who had suffered aSAH. In line with other studies, Jin et al., report positive 

immunohistochemical findings for both MMP-2 and MMP-9 in aneurysmal tissue [71].

From this study, it appears that elevations in IA MMP correlate with the probability of IA 

rupture. Analysis of MMP activity would serve as a useful adjunct to health care providers 

managing IA patients. Previous studies reporting a correlation between aneurysm size and 

the incidence of rupture would have found increased accuracy in their results if they had 

controlled for MMP activity in the patients [72]. Our understanding of MMP is still in its 

infancy. If Caird et al. are correct in their report of reduced MMP activity in IA tissue, 

alternate mechanisms in which MMPs serve as pathologic entities must be explored [58]. On 

the contrary, if the elevation in plasma MMPs provides an indication for the likelihood of IA 

rupture, blood analysis could prove useful for both patient prognosis and management.

Longitudinal studies monitoring IA size progression and plasma MMP, and IA tissue MMP 

levels/activity would enhance our understanding of the role of MMPs in the natural history 

of cerebral aneurysms. Because Jin et al., compared unruptured IA and ruptured IA, it 

is unclear whether any observed differences are a product of cellular processes occurring 

subsequent to the rupture event [71].

2.8.1. Nitric oxide—Nitric Oxide (NO) is of particular interest in the natural history 

of IAs, both in its development and the sequelae following aSAH [73]. NO is formed via 

the enzyme Nitric Oxide Synthase (NOS), which converts the amino acid L-arginine to 

NO and citrulline using nicotinamide adenine dinucleotide phosphate (NADPH) and O2 as 

cofactors in the reaction. NOS exists in three isoforms: endothelial NOS (eNOS), neuronal 

NOS (nNOS), and inducible NOS (iNOS), with both eNOS and nNOS characterized as 

having constitutive calcium dependent enzymatic activity [74]. In addition to inducing 

arteriolar vasodilation, eNOS serves to inhibit platelet aggregation and adhesion, leukocyte 

adhesion, and proliferation of VSMCs [75]. eNOS is the primary source of NO within the 

vasculature, and its dysfunction is thought to contribute to various pathologies including 

septic shock, hypertension, vasospasm, toxemia, and atherosclerosis [74]. Encoded on 

chromosome 7q35-36, the eNOS gene (NOS3) is comprised of 26 exons [76].
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2.9. NOS SNPs

Khurana et al., report a T→C SNP at position −786 of the eNOS promoter to influence the 

progression of IA to aSAH. Of 52 patients admitted for aSAH, heterozygosity (T/C −786) 

was shown to be associated with rupture of larger diameter IAs. More specifically, 100% 

of aneurysms (n = 13) with a diameter greater than 10 mm were heterozygote patients. In 

addition, the mean diameter of ruptured IAs was 8.5 mm in heterozygotes; whereas, the 

mean diameter for the T/T and C/C homozygotes was 4.7 mm and 6.0 mm, respectively. 

From this finding, Khuarana and colleagues suggest a potential genetic etiology may explain 

the discrepancy reported in the International Study of Unruptured Intracranial Aneurysms 

(ISUIA)—that is, the association between aneurysmal size and likelihood of rupture fails to 

explain the fact that the majority of aSAH observed in clinical practice are of less than 10 

mm in diameter [77].

In a study consisting of 336 Japanese and 191 Korean patients, Akagawa et al. sought to 

reproduce the findings of Khuarana et al. Their findings were inconsistent with previous 

results, with the authors reporting no association between aneurysmal size and the eNOS 
(T/C−786) genotype, for either ruptured, or unruptured IAs. From this, the authors conclude 

that eNOS T-786C SNP genotype does not influence the size of aneurysms [36]. However, 

a subsequent study produced by Khurana offers some qualification to the discrepant data 

offered by these two groups [78]. The genetic cause of IAs is not one of Mendelian 

inheritance; rather, it appears to be the accumulation of multiple genetic variants of little 

penetrance that, together, predispose individuals to IA development. In other words, IAs are 

likely the result of multifactorial inheritance. As such, the assertion by Akagawa et al. of 

a lack of association between the eNOS T-786C SNP and IAs is misleading. Extending on 

their previous results, and thereby refuting the statement offered by Akagawa et al., Khurana 

conducted a genotypic comparison similar to their 2003 study. Comparing 49 patients with 

intact IAs and 58 individuals who had suffered aSAH, Khurana and colleagues, analyzed 

the association between three genetic variants of the eNOS gene and IA pathogenesis. In 

addition, this study also included a 27 variable nucleotide tandem repeat (27 VNTR) of 

intron 4 and a G→T SNP (eNOS G894T) of exon 7. Of note, all three genetic variants were 

observed to be present in significantly greater numbers in patients having suffered aSAH in 

comparison to intact, unruptured IA patients. Furthermore, the 4a-C-T haplotype, consisting 

of all three variant alleles, demonstrated a 11.4-fold increased likelihood of presenting in the 

patients with aSAH. The 4a-C-G haplotype, consisting of the 27 VNTR variant and T-786C 

SNP, demonstrated an 8.6-fold increased likelihood of presenting in the patients with aSAH. 

Lastly, the 4b-C-T haplotype, consisting of T-786C SNP and G894T SNP, demonstrated a 

9.3-fold increased likelihood of presenting in the patients with aSAH [78].

It is possible that co-inheritance of multiple alleles results in a predilection for aneurysmal 

development, and the individual allelic variation in those patients studied by Akagawa 

et al. was insufficient to result in a significant association between IAs and the eNOS 
(T/C −786) genotype. However, Krischek et al. observed no significant allelic effect in 

the three gene variants reported by Khurana’s team [31]. In this study, the experimental 

cohort consisted of 297 Japanese patients having suffered a previous aSAH and 108 patients 

harboring at least one UA. 176 volunteers with no evidence of IA served as experimental 
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controls. Furthermore, Song et al., investigated the role for the eNOS (T/C −786) genotype 

in predisposition for IA in the Korean population. As observed by Krischek, Song et al. 

also report no association of the eNOS (T/C −786) genotype and aSAH [79]. Furthermore, 

Song and colleagues, found no relationship between NOS3 allelic variation and aneurysmal 

diameter at the time of rupture. In addition, the three genetic variants Khurana et al., 

identified did not demonstrate a significant relation between IA development in the Korean 

population [80].

The differences in data presented by Krischek et al., Akagawa et al., and Kim et al. could be 

rooted in differences in the genetic regulation of NOS3 in the Asian population, as compared 

to the Caucasian population—which comprised the entire patient population in the study by 

Khurana et al. As such, these three variants in NOS3 may be limited to Caucasians, and may 

not be applied to other demographics. However, the significant role of eNOS in maintaining 

cerebral vascular homeostasis undermines the necessity for future research investigating the 

role of NOS3 genetic variants in IAs in humans.

2.10. The role of INOS

In addition to eNOS, iNOS has been implicated in many human pathologies, including: 

Alzheimer’s disease, Parkinsons disease, myocardial infarction, certain malignancies, 

transplant rejection, obliterative bronchiolitis, prostheses failure, and inclusion-body 

myositis [81]. iNOS is encoded by the NOS2A gene, and is localized to chromosome 

17q11.2-q12 [82]. Its transcription is upregulated in response to hemodynamic stresses, and 

alternative splicing results in mRNA diversity consisting of unique isoforms. In addition, 

further protein heterogeneity is generated due to multiple AUG codons in the 5’-UTR 

allowing for eight unique translational initiation sites [81]. Its expression is predominantly 

mediated via the janus kinase/signal transducer (JAK/-STAT) and the nuclear factor kappa B 

(NFkB) signal transduction pathways culminating in alterations in nuclear transcription [83].

In addition to the aforementioned pathologies, iNOS has also been implicated in the 

pathogenesis of AAAs. As compared to normal abdominal aortic tissue, AAA tissue 

demonstrates both increased mRNA and protein expression [84]. It, therefore, raises the 

possibility that alterations in iNOS expression patterns may mediate the vascular pathology 

observed in IAs, similar to its reported role in AAAs.

However, in a genome-wide association study consisting of 29 Japanese families with a 

high incidence (at least three diseased family members) of familial aneurysms, Yamada and 

colleagues, report no association between a NOS2A promoter variant at nucleotide −2453 

and IAs [38]. Furthermore, Mineharu et al. did not observe a predisposition for aneurysmal 

development in 362 Japanese patients harboring an IA and NOS2A genetic variants [37]. 

Despite these observations, immunohistochemistry of an aneurysm neck isolated from 

the right MCA of a 69 year old woman revealed positive staining for both iNOS and 

nitrotyrosine—a marker for increased production of reactive nitric oxide, which in the 

presence of superoxide anion, forms peroxynitrite, a potent oxidizing agent [85]. Because 

of the transience of iNOS activity, the elevated expression patterns observed in this patient 

suggest a role for iNOS in human IA pathology. Therefore, altered expression patterns of 

NOS2A may serve as either a protective, or potentiating, factor for aneurysmal development.
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Furthermore, studies using the murine model support a role for iNOS in IA pathogenesis. In 

147 male Sprauge-Dawley rats, aged 6 to 8 weeks, Fukuda et al., ligated the right common 

carotid artery and posterior branches of both renal arteries to induce IA formation. To 

examine the effects of early aneurysmal formation, rats were administered intraperitoneal 

(IP) aminoguanidine (+/− L-arginine), an NO antagonist, one day following surgery, 

and tissues from the bifurcation of the left anterior cerebral artery and olfactory artery 

were isolated two weeks post-surgery for immunohistochemical analysis. To examine the 

effects of NO inhibition on mature aneurysm formation, aminoguanidine was administered 

intraperitoneal (IP) in rats for 90 consecutive days following surgery, and tissues were 

isolated three months post-surgery for immunohistochemical analysis. In addition to 

untreated rats—that is, rats in which surgical cerebral induction was not performed—rats 

administered IP saline served as comparative controls.

In contrast to the arterial bifurcations of untreated rats, immunoreactivity to mouse 

monoclonal iNOS antibody was observed in VSMCs of aneurysmal tissue in surgically 

treated rats. Furthermore, endothelial cell and VSMC damage was apparent in early 

aneurysmal tissue obtained from surgically treated rats—an effect that was attenuated in 

those animals treated with aminoguanidine. However, this effect was abolished in surgically 

treated rats that were co-administered aminoguanidine and L-arginine. In addition, the 

incidence of IA formation was significantly reduced in the aminoguanidine cohort, as 

compared to those rats dosed with only IP saline. Interestingly, the progression of disease 

was found to be positively correlated with iNOS expression, and showed an inverse relation 

to eNOS expression. Also, the elevation in peroxynitrite observed in the IA MCA tissue of 

the 69-year-old woman was absent in the murine model [85].

To further elucidate the role of iNOS in IA formation, Samadasa and colleagues induced 

IAs in mice using a procedure analogous to that performed by Fukududa et al. For 

this experiment, tissue harvested from the bifurcation of the anterior cerebral artery and 

the olfactory artery was compared between wild type and iNOS knockout mice. Four 

months after surgery, wild type mice demonstrated iNOS immunoreactivity in the media 

and adventitia, and expectedly, iNOS was immunonegative in knockout mice. Although 

Samadasa and colleagues found no significant difference in the incidence of aneurysms 

between these two groups, IAs in wild type mice were significantly larger than in knockout 

mice. Furthermore, the number of VSMCs immunopositive for anti-ssDNA antibodies, an 

apoptosis marker, was significantly higher in the iNOS knockout mice [86].

The data submitted by Fukudua et al. and Samadasa et al., both support a role for 

iNOS in IA pathogenesis. The reductions in IA incidence, and VSMC/ endothelial 

cell damage, in surgically treated rats with concomitant aminoguanidine administration 

suggests iNOS antagonism positively alters the natural history of IA pathogenesis. Because 

this phenomenon was abolished when these animals were also given L-arginine (an 

iNOS substrate and aminoguanidine iNOS competitor), the contribution of iNOS in IA 

pathogenesis garners even more support. However, aminoguanidine also serves other 

functions, including inhibition of both the enzyme diamine oxidase and non-enzymatic 

glycosylation, lending faith to the idea that mechanisms distinct from iNOS inhibition 

lead to the observed effect on IAs [87]. Yet, studies in iNOS knockout mice remove 
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this confounding variable, and show that the absence of iNOS gene expression in IAs 

is associated with smaller aneurysmal size, and a reduction in the number of apoptotic 

VSMCs. This suggests that iNOS is intimately associated with IA disease progression, as 

quantitative measures have demonstrated a direct correlation between an increased number 

of apoptotic cells and the likelihood of aneurysmal rupture [88]. However, the findings of 

Fuduka et al. and Samadasa et al., are inconsistent in regards to the role of iNOS and 

IA incidence, causing uncertainty as to whether iNOS is an inciting agent, or strictly an 

accelerator of disease progression.

Although Yamada et al. and Mineharu et al., failed to demonstrate an association between 

NOS2A polymorphisms and IAs, alternate mechanisms of increased NOS2A transcription 

are possible. More specifically, NF-kB, a positive regulator of iNOS gene expression, has 

been shown to be elevated in cerebral aneurysms [89].

2.11. NF-kB Inflammation

NF-kB exists as a dimer, complexed to the protein Rel. It is normally sequestered in the 

cytoplasm by the protein inhibitor of kappa B (ikB), and in response to various stimuli, 

it is free to translocate into the nucleus to act as a transcription factor for many DNA 

response elements—predominantly genes involved in immune response regulation. The 

stimuli capable of invoking NF-kB activation are numerous, such that specific discussion of 

these factors would warrant a separate paper in and of itself. The same is true for those genes 

in which NF-kB induces an upregulation in gene expression [90]. Therefore, this paper only 

addresses those genes/stimuli that have been demonstrated to play a role in IA pathogenesis.

In addition to iNOS, NF-kB causes upregulation of various MMPs, including the 

aforementioned MMP-2 and -9. A role for NF-kB pathogenesis in AAAs has been 

demonstrated in the use of a chimeric decoy (ODN) against NF-kB to preserve vascular 

wall integrity in an animal model of AAA [91]. In an attempt to identify a role for 

NF-kB pathogenesis in IAs, Aoki et al., obtained IA tissue samples from seven patients 

for immunohistochemical analysis using a mouse monocolonal antibody specific for the 

DNA binding form of the NF-kB p65 subunit. For comparison, unaffected MCA tissue 

taken from four patients was used as a comparison for NF-kB expression. As compared 

to control specimen, NF-kB protein was found to be significantly upregulated in aneurysm 

tissue—with a predominance of protein expression observed within the intimal layer [66].

3. Genetics of inflammatory mediators

Consistent with the central role of inflammation in IA pathogenesis, polymorphisms 

affecting the expression and/or function of innate immune system and inflammatory 

signaling pathways can predispose affected individuals to develop cerebral aneurysms and/or 

suffer aSAH. Various polymorphisms in the classical pro-inflammatory cytokines TNFα, 

IL-1β, and IL-6 are all more prevalent in those with IAs than those without while others 

offer a protective effect against IAs. Homozygosity of the −511C > T polymorphism in the 

promoter region of the IL-1β gene is associated with increased risk of aSAH [92]. Other 

studies have failed to find an association between IL-1β genotype and aneurysmal disease 

[93]. There is more substantial evidence supporting TNFα and IL-6 genotype as a driver 
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of IA progression. Three unique SNPs in the TNFα gene are associated with increased 

IA susceptibility in Chinese and Japanese populations [94–96] while the G > A allele 

of SNP rs1800629 confers a lower risk of IA development in Caucasians [93]. There is 

strong evidence for two particular SNPs (−572G > C & −174 G > C) in the IL-6 gene 

promoter region mediating IA risk [97–99]. These SNPs are relatively more common in 

Asian populations, although the effect is consistent across ethnic groups [100].

While the precise physiological impact of these mutations is unclear, the clinical 

consequences of are potentially severe. There is clear evidence that TNFα, IL-1β, and IL-6 

all drive aneurysm formation and rupture through modulating the phenotypes of vascular 

smooth muscle cells and infiltrating macrophages [101–104]; thus, mutations which affect 

the expression [105] and/or function of these cytokines can drastically change IA risk. 

Further, there are other inflammatory mediators of aneurysmal disease (e.g. PPARγ, IL-17, 

PGE2) of which there have been no genetic association studies [106,107]. Investigation into 

polymorphisms of these factors could elucidate novel IA risk factors.

4. Preclinical models

Expanding on this finding, Aoki and colleagues, also examined a murine model of cerebral 

aneurysms, and reported a role for NF-kB in initiation of IA formation [66]. Following 

cerebral aneurysm induction, but prior to overt aneurysm formation, NF-kB was observed 

in both endothelial cells and CD68 positive cells—a cluster of differentiation marker 

specific for macrohpages [108]. Using p50 knockout mice, they demonstrate a clear role 

for functional NF-kB involvement in IA formation. The p50 subunit, when complexed with 

p65 as a heterodimer (p50/p65), serves as the DNA binding domain of NF-kB [109]. Five 

months post-surgery for IA induction, the number of KO mice demonstrating aneurysmal 

change was significantly less than wild type. Of those KO mice in which aneurysm 

formation occurred, the mean diameter of the aneurysm was significantly less than that 

of wild type. Furthermore, mRNA expression levels in IA tissue of MCP-1, VCAM-1, 

MMP-2, MMP-9, IL-1B, and iNOS was upregulated in wild type mice, but not in p50 KOs. 

Similar to the reports of an NF-kB decoy in AAAs, ODN injection at the time of aneurysmal 

induction via surgery resulted in a significant reduction in the incidence of IEL disruption, 

a maker of early aneurysm change [66]. In addition, IA diameter was significantly smaller 

in the ODN administered cohort. This effect persisted if ODN was injected one week 

following surgery, but the effect was abolished when administration occurred two weeks 

after surgery. Furthermore, decoy administration resulted in a significant reduction of 

macrophage infiltration of the cerebral vasculature.

Murine models have also demonstrated an apparent role for MMP2 in the development 

of IAs. By asymmetrically ligating the left carotid artery and posterior branches of the 

bilateral renal arteries, in conjunction with a diet containing 0.12% B-aminopropionitrile

—an inhibitor of lysyl oxidase—Aoki et al., induced IA formation in Sprague-

Dawley rats [66]. At time intervals of one month and three months, the researchers 

isolated tissue samples from the anterior cerebral artery/olfactory artery bifurcation 

for immunohistochemical analysis. Three months following aneurysmal induction, they 

observed immunohistochemical evidence of MMP-2 expression in experimental rats; 
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whereas, MMP-2 was found to be absent in the arterial walls derived from controls. 

Moreover, RT-PCR indicated an upregulation of MMP-2 mRNA as soon as one month after 

aneurysmal induction, with a significant increase in MMP-2 expression at three months. Of 

note, there was no apparent increase in MMP-2 mRNA expression in control arteries. To 

analyze the functional activity of the MMP-2 observed in aneurysmal tissue, they performed 

zymography and observed an increase in MMP-2 activity in the aneurysmal neck four 

months after IA induction. Furthermore, in vitro pretreatment with tosylam—an MMP-2, -9, 

and -12 competitive inhibitor—abolished gelatin degradation, thereby supporting the belief 

that matrix metalloproteinases are the key mediators of gelatin digestion in aneurysmal 

lesions. Because tosylam also serves to inhibits MMP-9 and -12, one cannot delineate the 

contribution of MMP-2 in ECM turnover from these MMPs in aneurysmal lesions.

Aoki et al., also observed the effects of MMP inhibition on aneurysmal development by 

feeding experimental animals a diet containing 50 mg/kg/day of tosylam. Three months 

following aneuysmal inductions, rats were euthanized and those animals fed tosylam were 

found to have a significant reduction in the rate of advanced aneurysms—defined as an 

obvious outward bulging of the arterial wall with disappearance of the internal elastic 

lamina. Furthermore, aneurysmal tissue derived from tosylam fed rats was observed to be 

absent of MMP activity; whereas, aneurysmal tissue obtained from animals not fed tosylam 

demonstrated evidence of MMP activity, as per zymography.

The blotchy mouse has a mutated ATP7A gene, which encodes an ATP mediated copper 

permease and serves as an experimental model to investigate the relationship between elastin 

and aneurysmal development. As such, these mice are copper deficient, thereby resulting 

in reduced activity in lysyl oxidase—a copper dependent enzyme responsible for cross 

linking collagen and elastin fibers [110]. Coutard and colleagues, reported the incidence of 

small cerebral aneurysm development to be 19% and 17% in hypertensive and normotensive 

blotchy mice, respectively. Comparatively, no normotensive control mice developed small 

cerebral aneurysms while 23% of hypertensive control mice were found to have aneurysms. 

Large cerebral aneurysms were found in 19% of hypertensive blotchy mice, but did not 

develop in any other group. Furthermore, within the aneurysm wall Coutard observed an 

absence of the internal elastic lamina. Because elastin maturation is dependent on the 

enzyme lysyl oxidase, this mouse model demonstrates that alterations in elastin metabolism 

may perturb the integrity of the IEL, thereby increasing the likelihood of IA formation.

5. Polymorphisms of unknown significance

The main focus of this review is a critical review of genetic variants for those genes in 

which the primary function has already been, at a minimum, partially elucidated. However, 

genetic polymorphisms in regions of unknown significance have also been associated with 

a predisposition for individuals to acquire certain disease states. For example, a locus 

on chromosome 9p21 has been associated with a phenotype of coronary artery disease, 

carotid artery disease, stroke, peripheral artery disease, AAAs, and of significance for 

this manuscript, intracranial aneurysms [111]. In 2008, Helgadottir et al., reported a novel 

chromosome 9p21 sequence variant, rs10757278-G or allele G, to be significantly associated 

with IAs [112]. While the G allele is associated with an increased incidence of IAs, its 
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presence also seems to retard the rate of aneurysmal growth development. Furthermore, the 

sample population included individuals harboring IAs from Iceland, The Netherlands, and 

Finland, thereby reducing the likelihood that this observed effect is limited to one specific 

demographic.

Nakaoka et al., designed a study in which they attempted to correlate chromosome 

9p21 SNPs to three specific aneurysmal characteristics, or “subphenotypes” [113]. These 

characteristics included: a prior history of rupture, the number of IAs, and location of 

IAs. Enrollment consisted of 981 IA patients, of which 659 were sporadic and 242 were 

familial. 699 individuals with no evidence of IAs, as evidenced by MRI, served as controls. 

In addition to the rs10757278 polymorphism reported by Helgadottir et al., Nakaoka and 

colleagues, investigated the association of IAs with three other 9p21 SNPs (rs1333040, 

rs2891168, and rs2383207). All four genotypes were associated with an increased incidence 

of IAs, but only rs1333040 (T allele) served as an independent predictor, with the increased 

association of the other three polymorphisms likely attributed to linkage disequlibrium with 

the rs1333040 SNP.

In regards to specific aneurysm characteristics, rs1333040 showed greater association with 

multiple aneurysms than a single aneurysm, and demonstrated no difference between 

ruptured and unruptured IAs. The greatest association between rs1333040 and IA location 

was in the posterior communicating artery (Pcomm), followed by the MCA, and with IAs 

of the anterior communicating artery (Acomm) demonstrating no significant association. 

Furthermore, the rs1333040 gene variant resulted in a 1.69 fold increased risk of developing 

a Pcomm aneurysm. This data suggests that those individuals harboring the rs1333040 T 

allele are at an increased risk of developing an IA in the posterior circulation, which carries 

a rather poor prognostic outcome. More specifically, Wiebers et al., identified three IA 

locations as predictors of aSAH: basilar tip, cavernous artery, and Pcomm [72]. In addition, 

IAs located in the posterior circulation are reported to be associated with an increased 

incidence of negative outcomes following either endovascular or surgical intervention.

When the findings of Wiebers et al. and Nakaoka et al., are taken together, it would appear 

that the rs1333040 T allele is associated with an increased incidence of those aneurysms 

carrying the most perilous natural history—that is, IAs most likely progressing to aSAH. 

In addition, aneurysms of the posterior circulation are also characteristically the most 

challenging to cure via surgical, and endovascular, interventions. It seems that genetic 

analysis of chromosome 9p21 genetic variants would have prognostic implications, allowing 

for greater predictive value for neurosurgeons managing these patients. For individuals 

with close relatives harboring IAs, genetic determination of rs1333040 genotype may 

inform physicians of an increased likelihood of future IA development within the posterior 

circulation. As such, this would represent a population that may stand to benefit from 

periodic follow up imaging in order to diagnose the presence of IAs prior to asymptomatic 

onset, and size progression—which itself, is a prognostic indicator of aSAH.
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6. Conclusion

The main focus of this review is a critical review of genetic variants for those genes in 

which the primary function has already been, at a minimum, partially elucidated. However, 

as elucidated above, genetic polymorphisms in regions of unknown significance have also 

been associated with a predisposition for individuals to acquire certain disease states.

Ongoing studies are warranted as emerging genetic polymorphisms continue to be 

discovered in relation to aneurysmal formation. This primer has highlighted the current 

knowledge state and serves as a basis for easy reference. The available evidence stems 

largely from aneurysmal tissue collected and analyzed from around the world. Pre-clinical 

studies have also allowed focused investigation that have had clear clinical correlation. 

Stratifying patients by genetic phenotype is likely to warrant clinical utility for determining 

which patients are more predisposed to aneurysmal rupture. Future investigations must be 

multiinstitutional in order to garner data from different demographics and ensure validity 

amongst various cohorts.
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Fig. 1. 
Overview of the extracellular matrix regulation associated with aneurysm formation.
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Fig. 2. 
The role of matrix metalloproteinase-9 (MMP) in aneurysm formation.
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