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INTRODUCTION

Intracranial aneurysms  (IAs) are a common 
multifactorial cerebrovascular disease. While having 
a 3.2% prevalence rate in the general population 
and 1.1% annual rupture risk, aneurysms remain 
lethal upon rupture in 40% of cases.[1‑3] Risk for 
aneurysmal subarachnoid hemorrhage (SAH) is higher 
in hypertensive patients, smokers, heavy drinkers, and 
females.[2,4] The current interventional techniques, 
surgical clippings and endovascular occlusions, 
remain invasive despite advancements in technology. 
Although SAH risk factors are known, a more complete 
understanding of the complex pathophysiology 
underlying IA formation, progression, and rupture 
is needed. The majority of evidence from intensive 
investigation has implicated a mounting inflammatory 
response during the aneurysm pathogenesis.[5,6] 
This data ultimately provides promising targets 
for in  vivo molecular imaging and noninvasive IA 
therapeutics. This article will discuss inflammation 

as it pertains to IA pathogenesis, with a focus on 
the most recent investigation. Furthermore, it will 
offer a review of recent genetic and bioinformatic 
analyses, highlighting findings of pathological 
significance and methodological diversity. The final 
sections will further illuminate both innovations in 
diagnostic imaging of aneurysmal inflammation and 
experimentally efficacious noninvasive attempts at IA 
prevention and regression.

PATHOGENESIS

Hemodynamic insult is considered to be one of the 
first steps in activating the cerebral vessel wall’s 
inflammatory response.[7] There is a continuous balance 
between hemodynamic stress and the integrity of the 
vessel wall.[5] Upon the hemodynamic insult, this 
balance is perturbed, leading to vessel wall weakening. 
Dilation results, as extracellular matrix is degraded by 
increased levels of matrix metalloproteinases (MMP) 
compounded by concomitant apoptotic death of 
vascular smooth muscle cells (VSMCs).[7] Initially, the 
vessel wall is highly organized. Integral disturbances 
lead to less organization within the aneurysm wall 
and fewer distinct layers.[5] Simultaneously, MMP 
activation has been found to facilitate flow‑induced 
internal elastic lamina (IEL) fragmentation.[8] Similar 
IEL fragmentation is a feature commonly observed in 
atherosclerotic lesions.[9]
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Vascular smooth muscles cells (VSMCs), mainly found 
in the media layer, are recognized as major producers 
of matrix in the vessel wall. Upon endothelial injury, 
intimal thickening occurs as VSMCs migrate into the 
intima and proliferate.[7,10] Phenotypic transformation 
is seen in these migrated VSMCs as environmental 
change induces a switch from a contractile phenotype 
to a synthetic pro‑inflammatory matrix remodeling 
phenotype in these cells.[11] Nakajima et al.[12] showed 
phenotypically modulated VSMCs have lower 
expression of contractile smooth muscle myosin 
heavy chain isoforms when immunohistochemically 
stained. Furthermore, the group observed decreases in 
contractile protein staining intensity in ruptured IA, 
suggesting VSMC phenotypic modulation is related to 
a rupture mechanism.

Endothelial cells are also affected by the hemodynamic 
insult. As blood flows, mechanical stimulus has notable 
affects on the cells of the vascular system.[13] Shear stress 
influences arterial physiology, in particular, the cellular 
function of the vessel wall.[13] Consequently, IAs develop in 
vessel regions exposed to high hemodynamic stress such 
as arterial bifurcations and sharp angles.[7] Endothelial 
cells under laminar flow become aligned with the flow 
but endothelial cells under turbulent flow become 
cuboidal due to F‑actin reorganization.[14] Experimentally, 
endothelial cells respond to hemodynamic stress with the 
up‑regulation of the inflammatory mediator, prostaglandin 
E receptor 2  (EP2), during the formation of cerebral 
aneurysms.[15] When shear stress was applied to primary 
endothelial cells, EP2 was found to be up‑regulated.[15] 
The stimulation of EP2 in primary endothelial cells also 
led to the activation of the transcription factor NF‑κB, a 
well‑studied transcriptional mediator of inflammation 
in IA.[15]

As cerebral vessel walls undergo change during 
aneurysm development, the formation of new 
vessels, angiogenesis, also contributes to aneurysmal 
progression.[16] Angiogenesis indirectly advances 
the inflammatory process of aneurysm progression 
by aiding in the delivery of inflammatory cells to 
vessel walls. Hoh et  al.[16] recently showed that 
stromal cell‑derived factor‑1  (SDF‑1) is expressed 
in murine carotid IAs, murine circle of Willis IAs, 
and human cerebral aneurysms. The study found 
increased levels of progenitor cells expressing the 
SDF‑1 receptor, CXCR4, in mice with carotid and 
cerebral aneurysms. Study findings also showed SDF‑1 
to promote endothelial cell migration, endothelial 
cell tube formation  (angiogenesis), and macrophage 
migration.[16] Inhibition of SDF‑1 in the murine model 
significantly decreased the amount of endothelial cells 
and capillaries in the aneurysm wall, and the overall 
rate of aneurysm formation was reduced.[16]

MEDIATORS OF INFLAMMATION

Human and animal studies have both shown that 
inflammatory cells and mediators are involved in IA 
pathogenesis [Figure 1]. A number of these inflammatory 
cells and mediators are highlighted in this section, with 
a special focus on the most recent investigation. Mast 
cells infiltration into the aneurysm vessel wall has 
been illustrated throughout the pathophysiological 
chronology of IA development.[17] Ishibashi et  al.[17] 
analyzed mast cells levels at different time intervals 
following aneurysm induction in a rat model and 
discovered that the number of mast cells in the IA walls 
significantly increases over time. To further understand 
mast cells’ role in the aneurysm pathogenesis, mast cell 
degranulation inhibitors, tranilast and emedastine, were 
administered into an aneurysm‑induced rat model. The 
inhibitors had an impact on aneurysm progression by 
decreasing aneurysm size, as well as the extent of media 
thinning in the induced IAs. Mast cells’ contribution to 
the inflammatory process was simultaneously studied 
through the analysis of mast cell degranulation’s 
effect on cultured arterial smooth muscle cells of rat 
IAs. The group found that mast cell degranulation 
promoted MMP‑2, MMP‑9, and iNOS expression.[17] 
Based on previous findings that iNOS deficiency leads 
to a decrease in apoptotic smooth muscle cell death, 
Ishibashi et al.[17] and Sadamasa et al.[18] suggested that 
the inhibition of mast cell degranulation impacts the 
process of media thinning through its induction of 
iNOS. The authors also concluded that the decrease 
in media thinning results from mast cells’ modulation 
of MPP‑2 and MMP‑9 expression.[17,19] Overall, these 
data suggest that the degranulation of mast cells plays 
a role in IA formation.

T cells and macrophage infiltration have found to be 
associated with human cerebral aneurysm rupture.[20] 
Kanematsu et al.[21] studied leukocyte infiltration into 
the aneurysm wall of an aneurysm‑induced mouse 
model and found macrophages to be one of the dominant 
leukocytes present. Cerebral aneurysm incidence was 
found to be significantly attenuated in mice with lower 
macrophage levels as well as in mice with inhibited 
monocyte chemotactic protein‑1 (MCP‑1), a macrophage 
chemoattractant, when compared with wildtype mice.[21] 
Certain proteinases secreted by macrophages have been 
found to be involved in the vascular remodeling of 
aneurysm formation. Aoki et al.[19] demonstrated that in 
aneurysm‑induced rats, the expression of MMP‑2 and 
MMP‑9, was present in the arterial wall undergoing the 
beginning stages of aneurysm formation. This expression 
was found to increase alongside the progression of 
the studied cerebral aneurysms. Macrophages were 
determined to be the main secretes of the MMPs in the 
study.[19] Further connection has been found between 
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macrophage presence and aneurysm rupture. Hasan 
et  al.[22] showed that in human cerebral aneurysms, 
M1 and M2 macrophages were found to be in equal 
proportions; however, M1 macrophages presented in 
higher levels than M2 macrophages in ruptured human 
cerebral aneurysms. This means that there were more 
macrophages promoting inflammation, M1 macrophages, 
than macrophages working to repair the vessel tissue 
and decrease inflammation, M2 macrophages. This 
imbalance was also correlated with an increase in mast 
cell presence in ruptured aneurysms.[22]

The role of the inflammatory mediators, chemokines, 
has been studied in aneurysm formation. Chemokines 
promote chemotaxis in particular, the migration of 
inflammatory cells during the inflammatory response. 
In recent years, Chalouhi et  al.[23] demonstrated 
that plasma concentrations of RANTES, MIG, IP‑10, 
eotaxin, interleukin 8 (IL-8), IL-17, and the monocyte 
chemoattractant protein‑1 were significantly increased 
in the lumen of unruptured human cerebral aneurysms 
when compared to femoral arterial plasma of the same 
16 patients. In addition, the study found increased plasma 
concentrations of MCP‑1 in unruptured aneurysms.[23] 
This reaffirms the work of Aoki et al.[24] who observed 
increased MCP‑1 expression in rat arterial walls. These 
data indicate that inflammatory cells are being actively 
recruited to the aneurysm wall as a result of high 
chemokine levels, further contributing to IA formation 
and eventual rupture.[23]

Aoki et al.[25] confirmed in rodent models that tumor 
necrosis factor‑α (TNF‑α) levels are higher in cerebral 
aneurysms, particularly in the endothelial cells of 
these lesions, during their formation and progression 
when compared to the TNF‑α levels of control 
cerebral arteries.  Aoki et  al.[25] further investigated 
the TNF‑α‑TNFR1 signaling pathway and found that 
IA formation was suppressed in rodents deficient in 
TNFR1. The authors concluded that TNFR1 deficiency 
blocks NF‑κB activation and MCP‑1 expression, 
ultimately inhibiting macrophage infiltration. 
Intervening with this signaling pathway may serve 
as a future therapeutic strategy.[25] TNF‑α has been 
previously identified as a contributor to the phenotypic 
modulation of VSMCs in vivo following hemodynamic 
stress.[26] The transcription factor, NF‑κB, has also been 
found to be essential in the activation and recruitment 
of macrophages as it influences the expression of a 
number of pro‑inflammatory genes.[5,6] Aoki et al.[27]

demonstrated the activation of NF‑κB and expression 
of downstream genes; these changes seen in the vessel 
wall of the early stages of aneurysm development in 
a rat model. The study specifically showed that mice 
deficient in NF‑κB p50 subunit had a lower incidence 
of aneurysm formation and macrophage infiltration 
into the aneurysm wall. Furthermore, Aoki et  al.[28] 
showed that the up‑regulation of interleukin‑1β (IL‑1β) 
and activation of NF‑κB significantly reduced collagen 
biosynthesis, a process linked to IA progression and 
rupture.

Figure 1: Summary of the factors contributing to cerebral aneurysm pathogenesis. Inflammatory cells, cytokines, chemokines, changes to the vascular smooth muscle 
cells and endothelial cells, and environmental as well as genetic risk factors all play a role in the development of cerebral aneurysms and their progression to rupture
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A GENETIC APPROACH

Progress in understanding IA pathogenesis has been 
slowed by its multifactorial nature. Heritable genetic 
variance has long been recognized as an IA risk 
factor. Indeed familial genetic predisposition leads to 
increases in IA prevalence.[29,30] The establishment of 
gene‑prevalence and pathway‑prevalence correlations 
may illuminate novel facets of IA pathophysiology 
worthy of noninvasive therapeutic intervention. This 
section will discuss variety recent genetic methods 
and their significance with respect to the inflammatory 
pathophysiology of IA.

The aforementioned considerations motivated the use 
of genome-wide association study (GWAS) to identify 
common genetic variants in patients who harbor 
IAs. Recent GWAS have identified several novel IA 
susceptibility loci, many unsurprisingly associated with 
structural genes.[31,32] Comprehensive meta‑analysis of 
all genetic association studies (including GWASs) of 
sporadic IA found 19 single nucleotide polymorphism 
associations across the expansive international 
discovery cohort.[33] The strongest three of these 
associations were robust to sensitivity analyses for 
statistical heterogeneity and ethnicity.[33] Critically, this 
meta‑analysis confirmed that the previously studied 
proinflammatory cytokine IL‑6 G572C single nucleotide 
polymorphism was also statistically associated with 
sporadic IA.[6] However, initial sensitivity analysis 
revealed statistical heterogeneity among sample studies. 
Specifically, when one Chinese study was excluded, the 
association no longer held.[33] These variable results 
suggest more work is needed to precisely define this 
genetic association and role of IL‑6 in IA biology.

In the genomic era, many candidate gene association 
studies and GWAS have identified common genetic 
variants that predispose individuals to IA. These 
methods have recently been bolstered by pathway 
and network‑based analysis  (PANOGA) of GWAS 
data, which ultimately highlights uncommon 
genetic variants in common pathologically relevant 
biological pathways. These approaches make use of 
protein‑protein interaction networks. For example, 
such PANOGA analysis of GWAS data recently 
implicated pathways conserved across aneurysmal 
population cohorts, including (named by KEGG term) 
T‑cell receptor signaling and chemokine signaling.[34] 
Such methods reinforce inflammations importance 
in sporadic IA formation and will play an important 
role in elucidating the complex genetic etiology of IA 
formation and rupture.

As noted above, common genetic variance only explains 
a fraction of the heritability in cases of complex 

disease. Furthermore, low‑frequency predisposing 
genetic abnormalities are typically found in isolated 
populations with small founder populations, 
subsequent bottleneck affects, and genetic drift. One 
such population, with a higher rate of IA incidence, is the 
thoroughly characterized genetic isolate of Finland.[35] 
A recent study revealed four novel low‑frequency risk 
loci utilizing an alternative genetic approach.[36] The 
study focused on the Finnish population, enriched 
the percentage of familial IA patients in the discovery 
sample, and increased genome‑wide coverage through 
imputing genotyped variants against the 1000 genomes 
project reference panel  (v3, March 2012 release).[36] 
The first novel variant rs74972714 at 2q23.3 is located 
40 Kb downstream of LYPD6.[36] LYPD6 can inhibit 
transcriptional activity of the AP‑1 transcription factor 
complex, a key activated mediator of inflammation 
in endothelial cells subject to atherogenic blood flow 
conditions.[37,38] The variant rs113816216 at 5q31.3 is 
located in the intron of FSTL4, a poorly characterized 
gene.[36] However, the FSTL4 paralog FSTL1 encodes 
a protein that induces innate immunity by acting as 
a toll‑like receptor‑4  (TLR‑4) agonist.[39] The variant 
rs150927513 at 7p22.1 is located in the intron of 
Radil.[36] Radil has been implicated in the control 
of neutrophil adhesion and chemotaxis.[40] Finally, 
two IA associated common variants, rs12472355 and 
rs919433 at 2q33.1 were located 30 Kb upstream 
and intronic of ANKRD44, respectively.[36] ANKRD44 
is a likely subunit of protein phosphotase‑6 whose 
functions include inhibition of NF‑κB activation.[41,42] 
Ultimately, this study suggests varied investigative 
methodologies may yield novel associations in diseases 
with complex inheritance patterns and illustrates the 
use of population isolates as genetic tools. Collectively 
the genetic analyses presented in this section further 
highlight inflammation’s role in IA biology.

INFLAMMATORY GENE EXPRESSION PROFILING

Many studies have attempted to quantify characteristic 
gene expression patterns in IA. These potentially 
powerful and informative studies  (as reviewed 
extensively by Chalouhi et al.[5]) are limited by inherent 
differences in cohort size, quantification techniques, 
status of sample aneurysms examined  (onset vs. 
rupture), and control tissue used. As such, the results 
have been unsurprisingly heterogeneous. This section 
will discuss recent novel approaches, including a 
discussion of peripheral blood cell transcriptome 
analysis in patients with aneurysmal SAH.

To tackle the problem of biological heterogeneity among 
sample aneurysms, Nakaoka et al.[43] determined the gene 
expression levels in 8 ruptured cerebral arteries (within 
24  h post SAH), 5 unruptured cerebral aneurysms, 
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and 10 control aneurysms  (superficial temporal 
arteries) utilizing agilent microarrays. Critically, 
utilizing hierarchical clustering and nonnegative 
matrix factorization, the samples were classified 
into homogeneous subgroups showing similar gene 
expression patterns. Focusing on ruptured IA in an early 
onset age (average age 46.6) sub group, and unruptured 
IA allowed the investigators to note expressional 
differences. They observed increased levels of markers 
for both macrophage infiltration (CD163) and oxidative 
stress (myeloperoxidase). Significant increases in S100/
calgranulin expression, which acts through TLR‑2 
to recruit macrophages/monocytes and neutrophils, 
were similarly reported as selectively overexpressed in 
early ruptured IA. TLR‑6 that forms heterodimers with 
TLR‑2, was also significantly overexpressed, ultimately 
suggesting this pro‑inflammatory signaling pathway 
is involved in IA wall inflammation and rupture.[43] 
Finally, Krüppel‑like transcription factors (KLF) KLF‑2, 
KLF‑12, and KLF‑15 were all down‑regulated in the 
early ruptured IA subgroup. KLF‑2 is known to possess 
anti‑inflammatory functionality.[44] This study was 
the first to show distinct gene expression differences 
between early and late ruptured IA. In addition, 
these data further implicate macrophage‑mediated 
inflammation in IA rupture.

Differential gene expression in peripheral blood has 
been observed in response to both brain arteriovenous 
malformations and abdominal aortic aneurysms.[45,46] 
The first peripheral blood transcriptome analysis 
in patients with SAH from ruptured IA was 
recently carried out by Pera et  al.[47] The group 
found that the gene expression profile of venous 
blood obtained prior to neurosurgical intervention 
differed significantly from control patients who 
did not harbor IA. The Illumina HumanHT‑12 v4 
microarrays revealed T‑lymphocyte subpopulation 
specific transcripts were down‑regulated, whereas 
transcripts related to neutrophils and monocytes 
were up‑regulated. Based on these data, the authors 
developed a L/MN index, defined as the mean folds 
of standardized peripheral blood expression levels 
of lymphocyte related genes against expression of 
neutrophil and monocyte related genes. This ratio 
was statistically associated with clinical prognosis; 
the L/MN value was lower in patients who died 
during hospitalization compared with RA patients 
who survived. When blood gene expression profiles 
are compared with transcriptomic analyses of IA 
tissue, inflammation is the common denominator.[47] 
However, these inflammatory changes likely reflect a 
systemic response to ruptured IA bleeding. These data 
further suggest novel molecular biomarkers, which 
may prove beneficial for optimum management of 
aneurysmal SAH patients.

DIRECT IN VIVO IMAGING OF INFLAMMATION

The recent development of novel in  vivo imaging 
techniques directly targeting specific immune cell 
subsets and inflammatory enzymatic biomarkers allows 
clinicians to quantitatively access the inflammatory 
status of pathologically relevant tissue.[48] Given 
the role of macrophages in IA pathogenesis, several 
studies conducted by Hasan et  al.[49-52] investigated 
the possibility of in vivo aneurysm wall macrophage 
quantification through infusion of a carbohydrate 
coated superparamagnetic iron oxide nanoparticle, 
ferumoxytol  (AMAG Pharmaceuticals, Lexington, 
Massachusetts, USA). Ferumoxytol is cleared 
by macrophages in either the arterial lumen or 
subendothelium of IAs, thus allowing for delayed 
visualization of macrophage activity as a surrogate 
biomarker for inflammatory status of a particular 
lesion.[53] The optimal imaging chronology for this 
novel ferumoxytol enhanced MRI was found to be 5 mg/
kg ferumoxytol with imaging at 72 h postinjection.[49] A 
critical observation was made in a subsequent follow‑up 
study. The authors found that the time of ferumoxytol 
uptake may be indicative of aneurysmal stability and 
rupture propensity. Those exhibiting early uptake (24 h 
postinjection) ruptured within 6 months.[51] Furthermore, 
immunostaining of surgically resected aneurysm dome 
tissue revealed increased expression of COX‑2, mPGES, 
and the number of M1 variety macrophages in aneurysms 
with early uptake. It should be noted that this suggests 
imaging beyond 24  h may prove unnecessary with 
respect to rupture risk stratification; however, 72  h 
remains the optimal timing for imaging macrophages in 
the walls of IA’s. This time interval may still be used to 
access the efficacy of anti‑inflammatory therapeutics.[51] 
Additionally, previous studies that provided evidence of 
inflammatory changes in ruptured aneurysms had fallen 
short of providing evidence of its involvement prior to 
rupture, rather than as a response to rupture.[5] These 
data, therefore, provide the first direct evidence that 
inflammation is a causal factor in IA rupture progression. 
Finally, the group was able to use this novel noninvasive 
technique to monitor the therapeutic effects of aspirin 
as it curtailed the inflammatory progression of cerebral 
aneurysms in human patients.[54] In this study, the 
findings of ferumoxytol enhanced MRI correlated well 
with a subsequent immunohistochemical assessment.[54] 
Taken together, these studies suggest that ferumoxytol 
enhanced MRI may indicate active inflammation in 
aneurysm walls and allow neurosurgeons to optimize 
decisions regarding intervention or observation of 
cerebral aneurysms.

Recent histological evidence suggests that the 
myeloperoxidase, a secretable oxidoreductase 
of azurophilic granules of polymorphonuclear 
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cells (primarily neutrophil granulocytes), may potentially 
be used as a tissue‑specific biomarker of inflammation 
and cerebral aneurysm instability.[55] Previously, Deleo 
et al.[56] developed a method to access MPO enzymatic 
activity as an inflammatory biomarker in a rabbit 
model of IA. The group used clinical field strength 
MRI and an MPO specific paramagnetic substrate, 
di‑5‑hydroxytryptamide of gadopentetate dimeglumine, 
as an MR contrast agent. Following endovascular 
injection of Escherichia coli lipopolysaccharide, which 
resulted in inflammatory cell infiltration into the 
aneurysm wall and increased active MPO expression, 
the investigators found the MR enhancement ratios 
were consistent with the inflammatory changes.[56] 
Ultimately, these studies suggest enzymatically specific 
MR imaging may help identify aneurysms with a 
significant rupture propensity.

These studies further highlight inflammation’s role in 
the progression and rupture of cerebral aneurysms. 
In vivo targeted molecular imaging may ultimately 
provide the needed noninvasive metric required for 
optimal management of IA. Given the strong association 
of inflammation and macrophage infiltration with IA 
rupture, IA experts have agreed on the importance of 
these findings and suggested that larger scale studies 
are needed.[53]

THERAPEUTICS TARGETING INFLAMMATION

Studies focused on developing noninvasive IA 
therapeutics reaffirm inflammation’s pathophysiological 
role in IA formation and progression. Hasan et al.[57] 
investigated the anti‑inflammatory effect of acetylsalicylic 
acid (aspirin) on the progression of aneurysm to rupture. 
A secondary analysis of the ISUIA study revealed that the 
aspirin decreased patients’ risk of aneurysm rupture by 
60%. Furthermore, the group found ruptured aneurysms 
had higher levels of cyclooxygenase‑2  (COX‑2) and 
microsomal prostaglandin E2 synthase 1  (mPGES‑1) 
expression.[58] An exploration of acetylsalicylic acid’s 
effect on inflammatory mediators through ferumoxytol 
enhanced MRI and immunostaining found aspirin‑treated 
patients to have both decreased macrophage 
infiltration and COX‑2 and mPGES‑1 expression.[52] 
These pro‑inflammatory enzymes were found to be 
overexpressed in ruptured IA tissue. Taken together, these 
findings suggest that low doses of aspirin (81 mg daily 
for 3 months) may effectively attenuate inflammation in 
IA, preventing acute SAH.[57]

Angiotensin 1‑7 has also been explored as a potential 
therapeutic option as Ang 1‑7 is an antagonist to Ang 2. 
Ang 2 has been shown to increase the expression of 
various pro‑inflammatory cytokines as well as promote 
blood vessel extracellular matrix remodeling.[59] Peña 

Silva et al.[60] explored the therapeutic effect of Ang 
1‑7 in aneurysm‑induced mice and found that Ang 1‑7 
decreased the frequency of morality and IA rupture.
The authors believe that Ang 1‑7 acts through a Mas 
receptor‑dependent pathway as Ang 1‑7 administration 
did not decrease the frequency of aneurysm rupture 
in Mas KO mice.[60] To investigate the applicability of 
Ang 1‑7 as a therapeutic option, immunostaining was 
performed on human cerebral aneurysms to confirm Mas 
receptor presence. Immunostaining for Mas receptors 
was found to be positive in unruptured and ruptured 
aneurysms. The expression of Mas receptors was also 
identified in the intima and media layers of control human 
cerebral arteries.[60] These data suggest Angiotensin 1‑7 
mediated targeting of the Mas receptor pathway may be 
an efficacious noninvasive treatment modality.

Aoki et  al.[27] found that in aneurysm‑induced rats, 
the activation of NF‑κB in the arterial wall of earlier 
stages of aneurysmal development corresponded with 
the expression of the downstream pro‑inflammatory 
genes, vascular cell adhesion molecule‑1  (VCAM‑1) 
and MCP‑1. The group explored the inhibitory 
effects of NF‑κB through the use of a synthesized 
decoy oligodeoxynucleotide  (ODN) in a rat model. 
Investigators found that the facilitation of ODN 1‑week 
following aneurysmal induction inhibited VCAM‑1 
and MCP‑1 expression and overall, reduced aneurysm 
size and IEL disruption.[27] In a follow‑up study, the 
authors used chimeric decoy ODNs against both NF‑κB 
and proinflammatory transcription factor Ets‑1.[61] Aoki 
et al.[61] found that chimeric decoy ODNs reduced IA size 
and thickened the walls of existing IAs in a rat model. 
Rats treated with chimeric decoy ODNs also showed 
a reduction in MCP‑1 expression and macrophage 
infiltration into the aneurysm wall. If nuclease resistant 
ODNs can be administered transorally or transvenously, 
these findings suggest that NF‑κB and Ets‑1 are both 
potential therapeutic targets in human IAs.[61]

Additionally, Aoki et al.[19] tested the effects of tolylsam, 
a selective inhibitor of the gelatinases MMP‑2, MMP‑9, 
and MMP‑12, in a rat model. Facilitation of tolylsam 
did inhibit aneurysm progression, as the rate of 
advanced aneurysms in the tolylsam group was lower; 
however, the incidence of aneurysm development in 
the tolylsam group and control group was not different. 
The authors concluded that the tolylsam may delay 
aneurysm progression rather than formation.[19]

Granulocytes were found to be present in the cerebral 
aneurysm wall.[17] Specifically, Ishibashi et  al.[17] 
reaffirmed mast cells’ role in aneurysm pathogenesis 
by administering in a rat model the mast cell inhibitor, 
tranilast (N-(3,4-dimethoxycinnamoyl) anthranilic acid; 
Kissei Pharmaceutical, Nagano, Japan) and emedastine 
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difumarate, (1-(2-ethoxyethyl)-2-(hexahydro-4-methyl-
1H-1,4-diazepin-1-yl)-benzimidazole difumarate; 
Kowa, Tokyo, Japan). The facilitation of these 
inhibitors proved mast cells’ contribution to IEL and 
media degeneration as both of these processes were 
suppressed.[17] Ultimately, the facilitation of these 
inhibitors reduced the size of the induced aneurysms 
and the thinning of the vessel’s media layer. Inhibitors 
of mast cell degranulation have shown to be useful in 
the treatment of other inflammatory processes such as 
allergies.[17] As a result, the authors believe mast cell 
inhibitors may prove to be a practical and safe future 
anti-inflammatory treatment for IAs.[17]

TNF‑α‑TNFR1 cascade inhibition is a strategy that has 
been recently explored by Aoki et  al.[25] Anti‑TNF‑α 
antibody or soluble TNF receptor has been successfully 
used in the treatment of an inflammatory disease, such 
as rheumatoid arthritis.[25] The authors note that the use 
of these inhibitors in the treatment of aneurysms would 
be likely efficacious; however, the expense of these drugs 
makes an alternative inhibitor of the TNF‑α‑TNFR1 
signaling cascade desirable.[25] In addition, increased 
levels of TNF‑α in unruptured and ruptured IAs in an 
in vivo model were reconfirmed by Starke et al.[62] This 
follow‑up study focused on the therapeutic strategy of 
the TNF‑α‑TNFR1 signaling cascade by analyzing TNF‑α 
knockout mice and mice administered an inhibitor of 
TNF‑α synthesis, 3,6’dithiothalidomide  (DTH). Both 
groups showed a lower incidence of aneurysm formation 
and rupture when compared with control mice.[62] The 
study also found that the inhibitor DTH led to an increase 
in aneurysm stabilization and consequently, a decrease 
in aneurysm rupture upon formation.[62] Although DTH 
is an inhibitor of TNF‑α synthesis, the authors noted 
that the inhibitor’s actions are not fully understood as 
other properties of the inhibitor may explain aneurysm 
stabilization and prevention of rupture.[62]

CONCLUSION

Intensive investigation has implicated the inflammation 
in the complex pathophysiological processes that 
underlie IA development, progression, and rupture. 
Ongoing research shows how these inflammatory 
mechanisms can be clinically accessed and 
therapeutically modulated. Although advances in 
microsurgical and endovascular management of IA 
will inevitably lead to lower procedural complication 
rates, the need for a safe and effective noninvasive 
therapeutic strategy to prevent aneurysmal SAH will 
remain. Overall, these data suggest potential alternative 
medical treatment strategies for patients with human 
cerebral aneurysms.
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