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INTRODUCTION

Cerebral aneurysms (CAs) have a great impact on 
society because of their high incidence and subsequent 
subarachnoid hemorrhages after rupture.[1,2] In recent 
times, a large cohort study in Japan reported that the 
annual rate of CA rupture was 0.95%, and the risk 
was increased according to the size of CA.[3] Since 
subarachnoid hemorrhages have a high mortality 
rate of up to 50%, the prevention of CA rupture and 
enlargement are of considerable significance to society.[4] 
Many CAs are detected through brain examinations 
before the rupture, so there is a chance for preventative 
treatment. Among these incidentally detected CAs, only 

those with a higher probability of rupture (e.g. CAs with 
a large size or irregular shape) are selected for surgical 
treatment.[1-3,5] Importantly, the remaining portion of 
CAs, more than half,[3] receive no treatment, except 
for the treatment of risk factors related with rupture, 
and are only followed-up with monitoring rupture 
and enlargement. Considering that there is a high 
incidence of CAs in the general population and poor 
outcomes resulting from subarachnoid hemorrhages 
despite intensive treatment, the development of a new 
drug therapy for unruptured CAs is indispensable. 
Therefore, the mechanisms underlying the formation 
and progression of CAs need to be clarified.

INFLAMMATION AND CEREBRAL ANEURYSM 
FORMATION, PROGRESSION AND RUPTURE

Over the past couple of decades, a large number of 
studies have examined the underlying mechanism of 
CA formation, progression and rupture by investigating 
human CA specimens. These series of studies 
have identified the presence of the inflammatory 
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A B S T R A C T

The treatment of cerebral aneurysms (CAs) is of social importance, because poor outcomes result in subarachnoid hemorrhages 
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responses in CA lesions and have suggested the role 
of the inflammatory processes in the pathogenesis of 
CAs. For example, the expression and induction of 
pro-inflammatory factors such as tumor necrosis factor 
alpha (TNF-α), infiltration of inflammatory cells in 
the CA lesions (mainly macrophages), and the change 
in cell population during CA progression or rupture 
were identified.[6-13] Furthermore, comprehensive gene 
expression analyses have revealed the induction of 
pro-inflammatory genes in lesions such as TNF-α and 
the up-regulation of the inflammation-related pathways 
through bioinformatics analyses such as antigen 
processing, immune responses, and responses to outward 
stimuli, which indicated a significant contribution to 
the pathogenesis of CAs.[14-16] Comprehensive gene 
expression analyses have also identified an increase in 
extracellular matrix turnover.[17,18] By linkage analyses, 
pro-inflammatory genes or extracellular matrix-related 
genes positively correlate with CAs.[19-22] However, 
a considerable limitation is present in studies using 
human samples because of the variety of background 
characteristics such as the genetics and clinical 
history. Furthermore, we cannot examine the exact 
association of each inflammation-related factor with 
CA progression through pharmacological inhibition 
or genetic modification. However, the establishment 
and use of animal CA models[23-27] has overcome these 
intrinsic limitations associated with human samples 
and has greatly advanced our understanding of the 
mechanisms that regulate CA formation, progression, 
and rupture.

In a rodent model, CAs are induced at the bifurcation 
sites of intracranial arteries through an increase in 
hemodynamic stress, which is also a trigger of CA 
formation in human,[28-30] and is achieved by performing 
one-sided carotid ligation and inducing systemic 
hypertension through salt over-loading.[23-25] Because 
CAs induced in models share common pathological 
features with human cases (e.g. disrupted internal elastic 
lamina and degenerative changes of the media, including 
the loss of medial smooth muscle cells) and also 
spontaneous rupture, they highly mimic human CAs and 
are presumably suitable for examining the mechanisms 
underlying CA formation and progression.[23,24] In some 
models, elastase is injected into the basal cistern to 
degenerate internal elastic lamina in intracranial 
arteries and to facilitate CA formation and progression 
in combination with induced systemic hypertension 
by angiotensin II infusion.[26,27] In this model, induced 
CAs in mice can rupture at a higher rate than that in 
former models; therefore, they can be used to examine 
the mechanisms regulating CA rupture.[27]

Recent experimental studies mainly using animal 
models of CAs[23-26] have clarified the involvement of 

inflammatory responses in the pathogenesis of CA 
formation and progression[22,31-41] and have supported the 
notion that inflammation in arterial walls contributes to 
the pathogenesis in human cases. Nuclear factor-kappa 
B (NF-κB) is a master transcription factor regulating 
the induction of various pro-inflammatory genes 
through the activation of responses to nociceptive 
stimuli.[42] Experimental studies have revealed the 
crucial role of NF-κB in the pathogenesis of CAs by 
triggering and regulating the inflammatory processes 
in lesions[43] [Figure 1]. During CA formation, 
many NF-κB-activated cytokines/mediators such as 
interleukin (IL)-1β,[38] prostaglandinE2,

[34] TNF-α,[37,40,41] 
and reactive oxygen species[44] are induced, and they 
significantly contribute to CA formation and progression. 
Furthermore, NF-κB-targeted pro-inflammatory 
genes, including matrix metalloproteinase-9,[26,32] 
cyclooxygenase-2 (COX-2),[34] inducible nitric 
oxide synthase,[36,39] monocyte chemoattractant 
protein-1 (MCP-1),[31,35] TNF-α,[37,40,41] and IL-1β[38] are 
induced and likewise contribute to CA formation and 
progression. In addition, the critical contribution of 
NF-κB to the pathogenesis of CA is demonstrated in 
the deficiency of the NF-κB p50 subunit in mouse or 
the inhibition of the NF-κB transcriptional activity by 
decoy oligonucleotides treatment in the rat, which both 
significantly suppress CA formation and progression 
by inhibiting NF-κB-mediated inflammatory responses 
in lesions.[33] Importantly, vicious cycles are formed 
around NF-κB activation in lesions; for example, TNF-α 
activates NF-κB and then NF-κB transcriptionally 
induces TNF-α. Similarly, NF-κB forms the positive 
feedback loop of the COX-2-prostaglandinE2-EP2-NF-κB 
pathway[34,45] [Figure 1], and COX-2 is induced by 
hemodynamic stress loaded on the arterial walls at 
bifurcation sites of the intracranial arteries producing 
prostaglandinE2.

[34,45] Then synthesized prostaglandinE2 
acts on one of its specific receptor subtypes, EP2, 
and further activates NF-κB. Because NF-κB 
transcriptionally induces the COX-2 expression, once 
hemodynamic stress activates COX-2, another positive 
feedback loop between the prostaglandin system and 
NF-κB is formed[34,45] [Figure 1]. The presence of this 
vicious cycle and positive feedback loops amplifies 
and prolongs the triggered inflammatory responses. 
Along with the amplified inflammation, the infiltration 
of macrophages and other major inflammatory 
cells in the CA walls, which are recruited via the 
NF-κB-induced MCP-1 expression, contributes to 
the further expansion of inflammation in the whole 
arterial walls[31,35,43] [Figure 1]. MCP-1 is first induced 
in the endothelial cells during CA formation and 
recruits macrophages in the arterial walls.[31] Then 
recruited macrophages produce various cytokines 
and tissue-destructive proteinases such as MMP-9 
that contribute to the expansion of inflammation and 
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tissue degeneration observed in CAs[31,35] [Figure 1]. The 
critical contribution of MCP-1 mediated macrophages 
recruitment/infiltration in the pathogenesis is clearly 
shown by recent experimental reports in which the 
deficiency of MCP-1, administration of the dominant 
negative form of MCP-1 (7-ND), or depletion of 
macrophages by clodronate liposome all significantly 
suppressed CA formation and progression.[31,35]

The remaining question to be solved is whether the 
processes are regulating the initiation and progression 
of CAs are different. This important issue remains to be 
elucidated. As an initiation, as well as the progression of 
CAs, can be suppressed by inhibiting the inflammatory 
processes in lesions, these two steps of the pathogenesis 
presumably share the same underlying mechanisms 
in terms of inflammation. However, because the 
hemodynamic status surrounding CA lesions is 
completely different (e.g. a high hemodynamic status 
at the prospective site of the initiation[46,47] but a low 
hemodynamic status in the dome of the enlarging 
CAs[48,49]), there must be some differences in the 
processes that regulate the initiation and progression 
of CAs, and this is worthy of investigation.

In summary, based on the recent studies on CAs, 
long-lasting inflammatory responses in arterial walls play 
a crucial role in CA formation and progression, and NF-κB 
mediates this inflammation as a major transcription factor 
that regulates inflammation. In addition, the presence of a 
vicious cycle/positive feedback loop (i.e. NF-κB activation 

and macrophage infiltration via the NF-κB-induced 
MCP-1 expression) seems to be two major mechanisms 
that contribute to the amplification, expansion, and 
chronicity of inflammatory responses.

This recent experimental evidence on the role of 
inflammation in CAs may be useful in developing of 
therapeutic drugs for CA treatment. Recent experimental 
studies in human and rodent models have greatly 
advanced our understanding of the pathogenesis of 
CAs, making it more likely that the current treatment 
of CAs will be improved.

POTENTIAL OF ANTIINFLAMMATORY DRUGS 
FOR TREATING CEREBRAL ANEURYSMS IN 
ANIMAL MODELS

As discussed, a long-lasting inflammatory response is 
detected in CA lesions, which plays a crucial role in the 
pathogenesis of CAs. Recent findings in rodent models 
have amassed evidence indicating the therapeutic effect 
of antiinflammatory drugs on the further enlargement 
or rupture of CAs and have proposed the potential of 
these drugs for treating CA.[31,33-36,50-58] Among these 
drugs that have a suppressive effect on CAs in animal 
models, statin,[50,51,55] nifedipine,[52] and emedastine 
difumarate[53] are already used in humans with clinical 
indications. Therefore, these drugs are good candidates 
for treating CAs in humans to prevent rupture or 
enlargement. We summarize the effect of these drugs 
on CAs in animal models.

< >

< >

Figure 1: Schematic drawing of the mechanisms that regulate aneurysmal formation and progression. PGE2: prostaglandin E2; COX-2: cyclooxygenase-2; 
MCP-1: monocyte chemoattractant protein-1; NF-κB: nuclear factor-kappa B
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Statin, a hydroxyl-3-methylglutaryl coenzyme 
A reductase inhibitor, is widely used as a 
cholesterol-lowering drug. In addition, it has an 
antiinflammatory and an anti-NF-κB effect, which 
are well known as “pleiotropic effects of statins”, 
although the precise mechanisms underlying its 
antiinflammatory effect remain to be elucidated.[59-61] 
Different kinds of statins orally administered to rat all 
effectively suppress inflammatory responses in CA 
lesions, which is evident by the activation of NF-κB 
and the expression of pro-inflammatory factors.[50,51] 
Furthermore, simvastatin orally given to rats exerts 
a protective effect on the endothelial cells in CA 
lesions.[51] Thereby, statins significantly suppress CA 
formation and enlargement of preexisting CAs in the 
rat model through their pleiotropic antiinflammatory 
effect.[50,51,55] Statins are prescribed to many patients 
with hypercholesterolemia, and since its safety is well 
established, statins may be promising drugs for treating 
patients with CAs and hypercholesterolemia [Figure 1].

Nifedipine is a Ca2+ channel blocker and a widely 
used antihypertensive drug. In addition to its 
antihypertensive effect, recently published in vitro 
experiments demonstrated its suppressive effect on 
the activation/induction of pro-inflammatory factors 
such as NF-κB and MCP-1 in cultured cells.[62-64] 
Consistently, nifedipine subcutaneously injected into 
rat with CAs inhibits the activation of NF-κB and 
suppresses the infiltration of macrophages via the 
NF-κB-mediated MCP-1 induction.[52] The CA formation 
and the enlargement of preexisting CAs are inhibited 
due to the reduction of the inflammatory response.[52] 
Since hypertension is a major risk factor for rupture 
of preexisting CAs, nifedipine may be a promising 
drug candidate for preventing CA rupture through 
its synergistic preventive effects on hypertension 
and inflammation [Figure 1]. Similarly, imidapril, a 
widely used angiotensin-converting enzyme inhibitor, 
exerts the potent suppressive effect on CAs induced 
in rat models through its anti-MMP-9 effect, which is 
independent of its antihypertensive effect.[54] Therefore, 
imidapril may also be a good drug candidate for treating 
CAs.

The mast cell is a major cell type that regulates allergic 
inflammation through the release of histamines 
from its granules.[65] Since it is a tissue-dwelling cell 
and contains a variety of cytokines and proteinases 
in its granules, it can rapidly respond to outward 
inflammatory stimuli and trigger inflammation.[65] 
Indeed, in inflammation-related diseases, such as 
vascular disease, atherosclerosis and aortic aneurysm, 
mast cells contribute to their pathogenesis by 
triggering and regulating inflammation through the 
release of cytokines and proteinases such as IL-6 and 

chymase.[66-70] In human CAs, the presence of mast cells 
has been identified,[11] and the increasing number of 
infiltrated mast cells in ruptured CAs indicates this 
cell’s role in the pathogenesis of CAs.[11] The significant 
contribution of mast cells to CAs was shown by a recent 
study[53] in which there was an increase in mast cells 
during CA formation and progression. Further, the 
pharmacological inhibition of the degranulation in 
mast cells by emedastine difumarate or tranilast, which 
are widely used antiallergy drugs in humans, effectively 
suppresses CA formation and progression by inhibiting 
the inflammatory responses of lesions.[53] These findings 
suggest the potential of the degranulation inhibitor of 
mast cells as drugs for treating CAs in humans.

POTENTIAL OF ANTIINFLAMMATORY DRUGS 
FOR TREATING CEREBRAL ANEURYSMS IN 
HUMANS

In human cases, the beneficial effect of statins and 
nonsteroidal antiinflammatory drugs (NSAIDs) on CA 
rupture has been demonstrated, especially through 
prospective intervention trials.

A recent hospital-based case-control study implicated 
the potential of statins for preventing CA rupture in 
humans.[71] They enrolled 117 cases (patients with 
subarachnoid hemorrhage due to CA rupture) and 
304 controls (patients with unruptured CAs) from 15 
institutions in Japan, and the use of statins in each group 
was statistically compared. The patients’ background 
characteristics including age were similar.[71] As 
expected from previous reports, the size of the CAs 
and the patients’ current smoking status were properly 
selected as factors that correlated with rupture;[3,5,72,73] 
therefore, this study’s results seemed reliable. Stains 
were used in 9.4% of cases (11/117 cases) and 26.0% 
of the controls (79/304 controls), and the ratio of 
statins used between the groups was statistically 
different (P < 0.001).[71] Furthermore, after stratifying 
the data by the serum cholesterol level, administration 
of a statin was still inversely correlated with the risk 
of CA rupture in patients with serum cholesterol 
levels > 130 mg/dL.[71] According to logistic regression 
analysis, the use of any statins, independent of the type 
of statins, was inversely correlated with CA rupture with 
an adjusted odds ratio of 0.30.[71] Therefore, statins can 
be promising drugs for preventing CA rupture in humans 
with hypercholesterolemia. However, statins have a 
potent cholesterol-lowing effect and can sometimes 
decrease the serum cholesterol level below the normal 
limit even in patients without hypercholesterolemia. 
Although hypercholesterolemia was not a risk factor 
for CAs, and about 74% patients were without 
hypercholesterolemia in this study, the safety of statins 
on patients without hypercholesterolemia should be 
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considered, and further randomized placebo-controlled 
study is warranted.

Nonsteroidal antiinflammatory drugs are broad COX 
inhibitors that involute symptoms of acute inflammation 
such as fever, swelling etc. A recent experimental study 
revealed the involvement of COX-2, the inducible form 
of COX, in the pathway of CA formation and progression 
by triggering and maintaining inflammation in lesions, 
suggesting the therapeutic effect of NSAIDs on CA 
rupture and progression. Conversely, NSAIDs inhibit 
the production of thromboxane A2 (a prostaglandin 
formed by the sequential actions of COX and 
thromboxane synthase from arachidonic acid) and 
thereby exert an antiplatelet effect, creating the potential 
for an increase in CA rupture and exacerbation of a 
subarachnoid hemorrhage after rupture. Consistent 
with these conflicting findings on NSAID treatment, 
results from recently published case-control studies 
were controversial in terms of the preventive effect of 
NSAIDs (i.e. the anti-inflammatory and antiplatelet 
effects) on CA rupture.[74-76] In a nested case-control 
study that enrolled patients from the International 
Study of Unruptured Intracranial Aneurysms (58 cases 
and 213 controls), frequent aspirin usage, 3 times/week, 
suppressed CA rupture with an adjusted odds ratio of 
0.27 (P = 0.03) according to multivariable risk factor 
analyses.[74] Careful attention is necessary to interpret 
the data, because enrolled patients had relatively 
large aneurysms located at the posterior circulation, 
which are not representative of unruptured CAs.[74] 
Another study also demonstrated the suppressive 
effect of aspirin on CA rupture.[75] This study enrolled 
717 consecutive patients with CAs (30 patients were 
excluded due to clopidogrel and/or warfarin use) and 
897 CAs. During the follow-up, 274 patients presented 
with aneurysmal subarachnoid hemorrhage. The 
rate of CA rupture (subarachnoid hemorrhage) was 
significantly different between the groups (P = 0.016) 
with 40% of patients not using aspirin and 28% using 
aspirin,[75] suggesting the preventive effect of aspirin 
on CA rupture. Notably, aspirin did not influence the 
overall outcome.[75] Conversely, a recently published 
large nested case-control study enrolled 2,065 patients 
with subarachnoid hemorrhages and 20,649 controls, 
and it showed a significant increase in the risk of 
subarachnoid hemorrhage with an odd ratio of 1.5.[76] 
In addition, since NSAIDs have a considerable side 
effect (i.e. gastrointestinal hemorrhage), especially in 
elder patients, the administration of NSAIDs should 
be accompanied continuous attention and careful 
follow-up. However, the selective COX-2 inhibitor can 
eliminate the side effect derived from the nonselective 
inhibition of endogenous prostaglandin synthesis 
via COX-1 activity that is seen in NSAID treatment; 
therefore, the selective COX-2 inhibitor is another 

and more promising drug candidate for treating CAs. 
Indeed, in animal models, celecoxib, a selective COX-2 
inhibitor, effectively suppressed CA progression.[34,45] 
However, a recent clinical trial for colon cancer reported 
an increase of cardiac failure and myocardial infarction 
with selective COX-2 inhibitor use[77] presumably due 
to the impairing balance between thromboxane A2 and 
prostacyclin, suggesting that COX-2 inhibitors may not 
be therapeutic drugs for preventing CA rupture. As 
previously discussed, currently published case-control 
studies have shown the controversy over the effect of 
NSAIDs on CA rupture. Although NSAIDs can be drug 
candidates for preventing the rupture of preexisting 
CAs, future randomized-control studies are warranted.

CONCLUSION

Cerebral aneurysms are of social importance, because 
of the resultant subarachnoid hemorrhage after rupture. 
The current problem with treating CAs is the lack 
of medical treatment to prevent their enlargement 
or rupture. Recent studies on human samples and 
experimental models have revealed the crucial 
role that chronic inflammatory responses play in 
the pathogenesis of CAs. Some drug candidates for 
treating CAs have been identified through experimental 
and case-control studies in humans. Therefore, the 
development of medical treatment for CAs is more 
likely in the near future.
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