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A B S T R A C T

Background: Intracranial aneurysms are arterial anomalies affecting 2% to 3% of the general population in the
world and these ruptures are associated with a high mortality. Some risk factors, such as age, gender, smoking,
alcohol, hypertension and familial history are associated with the number of aneurysms and their size. In ad-
dition, inflammatory processes within the blood vessels of the brain can activate matrix metalloproteinase-9
(MMP-9), which degrades various components of the extracellular matrix, such as elastin. Thereby, this work has
aimed at evaluating the relationship between plasma MMP-9 levels and the risk factors that are associated with
intracranial aneurysm, as well as investigating the aneurysm statuses (ruptured and unruptured) and comparing
them with the control volunteers.
Methods: Between August 2014 to June 2016, blood samples were collected from 282 patients (204 ruptured and
78 unruptured saccular intracranial aneurysms) and 286 control volunteers. The MMP-9 plasma levels were
measured by ELISA. Statistical analyzes were performed with SPSS software when using parametric or non-
parametric tests, after the normality tests.
Results: Higher levels of MMP-9 were found in the aneurysm groups as a whole and when they were stratified by
rupture status, then compared with the control group (p < 0.0001). When stratifying them by diameter, those
smaller than 7mm presented high levels of MMP-9 (p < 0.0001), especially in the ruptured ones. As for risk
factors, hypertension and smoking were the most important. However, hypertension was mostly associated with
the ruptured aneurysms (p < 0.0001).
Conclusions: High levels of MMP-9 were found in smaller ruptured and unruptured intracranial aneurysms
(< 7mm) with strongest statistical associations than other sizes, especially when associated with smoking and
hypertension.

1. Introduction

The main cause of a non-traumatic subarachnoid hemorrhage (SAH)
is the rupture of a saccular intracranial aneurysm (IA), accounting for
approximately 85% of cases [1]. Intracranial aneurysms are arterial
anomalies caused by a weakening of the tunica media, which leads to a
dilation in different areas of the brain vessels, mainly in the circle of
Willis and in the bifurcations of the arteries [2,3]. These kinds of
change affect 2% to 3% of the general population who are aged
55–60 years [4]. Other risk factors include familial history,

hypertension and smoking [5].
The inflammatory processes of the cerebral vessels may induce in-

itiation, formation, growth and the subsequent rupture of the an-
eurysm. This is due to an imbalance between the production and the
destruction of the extracellular matrix (ECM) of vascular smooth muscle
cells and the internal elastic lamina (IEL) [6]. The matrix metallopro-
teinase (MMP) is a family of structurally proteolytic enzymes that are
zinc-dependent and that degrade various components of the ECM, such
as collagen, elastin, the proteoglycans, fibronectin and laminin. They
are subdivided into six groups, depending upon the components that
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they degrade. Among the MMP family members that play a role in the
formation and the development of intracranial aneurysms, there are the
gelatinases, such as MMP-2, which degrades the collagens of Type I and
Type III, as well as MMP-9 (gelatinase B), which is responsible for de-
grading Type 4 collagen, the proteoglycans, and elastin, being a com-
ponent of the internal elastic lamina [7]. The increased blood flow in-
duces the activation of the metalloproteinases leading to a
fragmentation of the vessel wall and the subsequent rupture [8,9].

The expression of MMP-9 has been found in the blood vessels of
brain aneurysms [10,11], where it is produced by the inflammatory
cells, especially the macrophages. The expression is mainly regulated at
a transcriptional level. This is in response to several molecules, such as
interleukin 1 alpha and beta (IL-1 α-β), interleukin 6 (IL-6), the
transforming growth factor β (TGF-β), tumor necrosis factor alpha
(TNF-α), the platelet-derived growth factor, and the epidermal growth
factor [12].

The levels of MMP-9 play an important role in the course of rup-
tured and unruptured intracranial aneurysms. Some of the forms of pro-
MMP could be released in the region of the IA wall and they persist due
to the inflammatory processes, which can thus, represent a circulating
molecular biomarker [12,13]. In this context, in order to evaluate if
MMP-9 levels are associated with ruptured aneurysms, the aim of this
study was to compare the levels of plasmatic MMP-9, between those
patients who had either ruptured or unruptured intracranial aneurysms
and the controls.

2. Materials and methods

2.1. Patient selection and control subjects

This work was approved by Santa Casa de Belo Horizonte Ethics
Committee (CAAE: 01432312.5.0000.5138) and all the participants
agreed and signed the terms of free and informed consent. In the case of
unconscious patients, consent was obtained from the responsible family
member. The sample was composed of patients in the Santa Casa de Belo
Horizonte Hospital, Minas Gerais, Brazil. They were randomly selected
and matched for age and gender, during the period of August 2014 to
June 2016. The peripheral blood samples were collected from 568
volunteers: 282 patients and 286 controls. The patient group was di-
vided into 204 subjects with ruptured intracranial aneurysms (RIA) and
78 subjects with unruptured intracranial aneurysms (UIA), displaying
surgically treated saccular intracranial aneurysm, sized<7mm,
7–12mm, 13–25mm and>25mm [14]. Smoking habits, hypertension
and familial history were also considered.

2.2. Image analyzes

The presence of aneurysms in the patients group were confirmed by
digital subtraction angiography (DSA), followed by a 3D reconstruction
of the image in the pre- and postoperative period. The patients were
submitted to angiography that was performed by using the transfemoral
arterial approach. The angiographic examinations were performed by
using a biplanar angiographic unit (Axiom Artis dBA, Siemens AG
Medical Solutions, Vacuum Technology Division, Henkestraße 127
91052, Erlangen, Germany) with an image intensifier matrix of
1024×1024.

2.3. Samples collection and statistical analyzes

The blood samples were collected in 4.5 mL tubes with ethylene-
diaminetetraacetic acid (EDTA), within a maximum period of 24 h,
after or before the arterial catheterization procedures. The plasma was
separated from the total blood and it was stored at −80 °C until the
time for analyzes. The plasma MMP-9 levels were measured by using a
commercially available enzyme-linked immunosorbent assay (ELISA–
DuoSet ELISA, DY911, R & D Systems). All of the samples were run in
duplicate and the MMP-9 quantification was determined when using
the standard curve analysis method. Statistical analyzes were per-
formed with IBM SPSS Statistics Software Version 20, using parametric
or non-parametric tests, after normal distribution analyzes. All the
statistical tests were performed by using a significance level of< 0.05.

3. Results

3.1. Demographic profiles of the patients and the controls

The groups analyzed in this study presented similar profiles of age,
gender and hypertension. However, smoking habits were very low in
the control group (3%). All of the data is shown in Table 1.

3.2. MMP-9 plasma levels in the patients and in the controls

The MMP-9 quantification of the subjects revealed that the MMP-9
plasmatic levels were higher in the patient groups than they were in the
control group (190.5 ± 5.4 and 149.7 ± 4.7; p < 0.0001). The dif-
ferences remained when the aneurysms were stratified into ruptured
and unruptured statuses and then compared again with the control
group (p < 0.0001 and p < 0.0006, respectively). However, when in
comparison between the intracranial aneurysm groups (RIA vs. UIA), no
statistical differences were observed (p=0.4792).

Table 1
Demographic profiles of IA and in the control group, classified by rupture status.

Variable Control Intracranial aneurysm p-Value

Ruptured Unruptured

n= 286 (%) n= 204 (%) n=78 (%)

Age (M ± SD) 60 ± 10 – 52 ± 11 – 52 ± 13 – <0.05⁎

Females 172 (60) 153 (75) 59 (75.6) < 0.05#

Males 114 (40) 51 (25) 19 (24.4)
Smoking
Yes 9 (3) 89 (43.6) 22 (28.2) < 0.05&

No 277 (97) 115 (56.4) 56 (71.8)
HBP
Yes 150 (52.4) 123 (60.3) 42 (53.8) 0.2162
No 136 (47.6) 81 (39.7) 36 (46.2)

n= number of samples; M=mean; SD= standard deviation; HBP=hypertension; CTL= control group; RIA= ruptured intracranial aneurysm; UIA=unruptured intracranial an-
eurysm; vs.= versus.

⁎ Age: CTL vs RIA≤0.0001; CTL vs UIA≤0.0001; RIA vs UIA=0.9967.
# Gender: CTL vs RIA=0.0007; CTL vs UIA=0.0119; RIA vs UIA=1.000.
& Smoking: CTL vs RIA≤0.0001; CTL vs UIA≤0.0001; RIA vs UIA=0.0205.
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3.3. Diameters of the intracranial aneurysms and the plasma levels of MMP-
9

When considering the diameters of the aneurysms, no significant
differences were observed in the MMP-9 levels within the group of IAs
as a whole (< 7mm, 7-12mm, 12-25mm and>25mm) or when
stratified into the RIA and UIA sections. Several statistical associations
were only found when the groups were compared with the control
group (p < 0.05) (Table 2). No statistical significances were found
when the plasma levels were compared between the diameters of the
ruptured aneurysms and the unruptured aneurysms. However, a slight
increase in the MMP-9 levels was observed in the ruptured aneurysm
group>12mm, when compared with the unruptured aneurysms, but
without any statistical significance. All of the results are shown in
Table 2.

3.4. MMP-9 and risk factors

Smoking, hypertension and familial history were evaluated as being
risk factors for the development and the rupture of the intracranial
aneurysms. Differential levels of MMP-9 were observed among the RIA
patients, with and without hypertension (p= 0.0314). However, this
association was stronger when the RIA hypertensions were compared
with the controls, with and without hypertension (p < 0.0001).
Smoking also showed a significant association with the aneurysms
when compared with the non-smoking controls (p < .0001). However,
due to the low number of smoking controls, this data loses some
strength.

No associations were found within familial history. The results are
shown in Table 3.

The levels of MMP-9 were also measured in single and multiple
aneurysms as a whole, as well as in the stratified ruptured and un-
ruptured aneurysm groups. No statistical associations were found (data
not show).

4. Discussion

4.1. MMP-9 levels in the ruptured and unruptured intracranial aneurysms

Intracranial aneurysms are multifactorial diseases and they include
a neuroinflammation state that may be induced, among other factors,

by the MMP expression. The MMPs, mainly MMP-2 and MMP-9, de-
grade the extracellular matrix and disrupt the tight junction proteins
(TJP), leading to aneurysm development and rupture [13]. According
to this data, the aim of this study was to analyze the MMP-9 plasma
expression in those patients with IA that had ruptured or unruptured
aneurysms, together with the controls. The results have demonstrated
that the MMP-9 plasma concentrations were differentially expressed
between those patients with IAs (as a whole and then stratified into
ruptured and unruptured) and the control group, whereby the groups
with IA had significantly higher levels of MMP-9. However, these levels
were not strong enough to define the risk of rupture when the RIAs and
the UIAs were compared, maybe due to the small number of UIAs
(n= 78), when in relation to the ruptured aneurysms (n= 204). This
was a limiting factor that we could not control, since most of the pa-
tients seen in a public service like ours, already arrive with ruptured
aneurysms. Even though the study found no association between the
MMP-9 levels and the rupture risk of aneurysms in these samples, the
results have corroborated with those described by Peng et al. [15], who
showed high levels of MMP-9 in the ruptured and unruptured aneur-
ysms when they compared them with control [15]. Other studies have
also found differing MMP-9 plasma levels, but only between the rup-
tured aneurysms and control, with all of them having a smaller sample
than the current one [7,10,11,16].

4.2. Plasmatic levels of MMP-9 according to the diameter of the aneurysm

This study was also interested in verifying if the high levels of MMP-
9 that had been found in the aneurysm groups could influence the
aneurysm size (< 7mm, 7–12mm; 12–25mm and>25mm). Most of
the patients had small IAs,< 7mm (51.5%), followed by 7-12mm IAs
(30.6%). The same proportions were also observed when the IAs were
divided into ruptured (54% and 31%, respectively) and unruptured
(42.6% and 29.3%, respectively).

As in other results, in our samples, strong associations were only
found when the sizes were compared with the control group. Ruptured
IAs< 7mm had especially powerful statistical associations (< 0.0001).
On the other hand, it was possible to observe that those in the RIA
group>12mm had slightly higher levels of MMP-9 than did the UIA
group, but the small number of patients with this particular IA size did
not show significant results. These results are in accordance with those
described by other researchers [17–20]. In a big study with 889 patients

Table 2
Plasma MMP-9 levels in the patients with IA and in the control group, classified according to the diameters.

Groups Diameter of intracranial aneurysms (mm) Group association p-Value

< 7 7–12 12–25 >25

MMP-9 Levels M ± SE M ± SE M ± SE M ± SE

IA (n=268)a 192.5 ± 7.33 (n=138) 188.1 ± 11.12 (n=82) 198.6 ± 17.25 (n= 34) 194.2 ± 20.74 (n= 14) IA vs. CTL <0.0001
<7 vs. CTL <0.0001
7–12 vs. CTL 0.0029
12–25 vs. CTL 0.0053
>25 vs. CTL 0.0228

Ruptured (n= 193)b 191.4 ± 8.3 (n= 104) 189.9 ± 13.31 (n=60) 200.8 ± 24.18 (n= 23) 207.7 ± 30.1 (n=6) RIA vs. CTL <0.0001
<7 vs. CTL <0.0001
7–12 vs. CTL 0.0083
12–25 vs. CTL 0.0621
>25 vs. CTL 0.0470

Unruptured (n= 75)c 191.1 ± 16.29 (n= 32) 180.9 ± 20.01 (n=22) 181.3 ± 18.14 (n= 13) 184.0 ± 29.66 (n= 8) UIA vs. CTL 0.0108
<7 vs. CTL 0.0071
7–12 vs. CTL 0.1082
12–25 vs. CTL 0.0578
>25 vs. CTL 0.1848

CTL (286) 149.7 ± 4.75 – – – – –

Legend: IA= intracranial aneurysm group; CTL= control group; RIA= ruptured intracranial aneurysm; UIA=unruptured intracranial aneurysm; n= number of samples; M=mean;
SE= standard error; a= no diameter information of 14 patients (b= 11 RIA and c= 3 UIA); vs.= versus.
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with RIA (n=627) and UIA (n=262), Joo et al. [21] found that
71.8% of the RIAs were smaller than 7mm in diameter and that 87.9%
were smaller than 10mm [21]. Bijlenga et al. [23] and Orz and AlYa-
many [22] also reported that aneurysms<7mm had a higher risk of
rupture, especially those located in the anterior cerebral arteries
[22,23], which was also observed in our results. Freytag [20], Kassell
and Torner [19] and Ohashi et al. [18] reported that a major part of the
RIAs were between 5mm and 10mm [18–20] and Dolati P. et al. [24]
when studying 123 patients with RIA, reported that 37% had dia-
meters< 5mm [24].

In an interesting review of cases between 1966 and 2009,
Chmayssani et al. [25] found that 47% of UIAs ≤7mm evolved into
rupture, some of them after growth and others directly [25]. Żyłkowski
et al. [26], when calculating the annual risk of growth of unruptured
aneurysms< 7mm estimated that overall, 2.55% evolved into rupture
[26]. On the other hand, in a study by Chyatte D. et al. [11], where they
evaluated the activity of MMP-9 in the plasma of 31 patients with RIA
and UIA, as well as in 14 controls, no statistical associations were found
in the different diameters of aneurysms [25]. However, significant re-
sults have been shown when comparing the high and low MMP-9 en-
zymatic activities in patients with IA versus controls [11].

Although there is no agreement in the clinical management of which
size of aneurysm to operate on, in order to prevent rupture, the data of
the present study agrees with others that show that a significant
number of aneurysms<7mm may rupture, which can justify a closer
follow-up, especially when they are located in the anterior cerebral
arteries.

Another interesting finding that was observed in this study was that
the MMP-9 levels in the UIAs were higher in those aneurysms that
were< 7mm. However, a small reduction and a stabilization of these
levels was observed, according to the diameter that the aneurysm in-
creased. On the other hand, in the RIAs, the levels of MMP-9 tended to
increase with the diameter of the aneurysm. Unfortunately, this data
did not show statistical significance.

4.3. MMP-9 and risk factors

The physiology of brain vessels can be modified in the pathological
process, probably by a combination of the hemodynamical factors, such
as the modifiable factors (smoking, alcoholism) and the non-modifiable

factors (hypertension, gender, age, etc.) of each patient. These factors
can lead to the production of proteins by the brain cells (including
MMP-9) and that they will act directly on the thickness of the tunica
media, causing structural defects of the IAs and resulting in their rup-
ture [27]. In this work, the levels of MMP-9 were higher in the smoking
patients, than in the non-smoking controls (193.3 ± 8.65 vs.
149 ± 4.87). In the patients with ruptured aneurysms, significant as-
sociations were also observed in both the smoking and the non-smoking
patients, especially when compared with the non-smoking controls
(191.6 ± 10.03; 194.6 ± 8.61 vs. 149 ± 4.87, respectively). In ad-
dition, it was the same when the smoking UIAs were compared with the
non-smoking controls (200.2 ± 16.51 vs. 149 ± 4.87). According to
Vikman [28], the effects of MMP-9, in response to the inflammatory
processes in the cerebral blood vessels, after being exposed to cigar
particles, increased the MMP-9 expression in the aneurysms [28]. It has
been shown that smoking significantly increased the risk of both the
aneurysm formation and the rupture and that the ratio for RIA:UIA was
2.4:1.7 [29,30]. There is possibly a gene-environment interaction in the
RIAs, where smoking may be influencing the MMP-9 gene expression
[28,31]. The high MMP activities could perhaps explain the higher
incidence of SAH in the smokers. This is possibly due to the loss of the
internal elastic lamina, the thinning of the media and the formation of
the aneurysm, resulting in a degradation of the extracellular matrix,
leading to rupture of the aneurysm [32].

Another important risk factor for the development and the rupture
of aneurysms is hypertension. The sudden and short-term increment in
blood pressure that is caused by daily activities is a relevant pathway
for the biogenesis of a ruptured aneurysm [33,34]. This is since the
cerebral artery does not have an external elastic lamina and the ad-
ventitia layer then develops into a weaker and becomes less resistant to
stress [35].

In the present study, in all of the comparisons, the MMP-9 levels
were significantly higher in the hypertensive patients, even when
compared the aneurysm groups, with and without hypertension
(200.4 ± 7.12 vs. 176.6 ± 8.15). However, the association was
stronger when the hypertensive IA patients were compared with the
control group, either with or without hypertension (both p < 0.0001).
The same significant result was observed when comparing RIA HYP
with RIA No HBP (p=0.0314), as well as when making comparisons
with the control group (p < 0.0001). The UIAs also showed significant

Table 3
Plasma levels of MMP-9 and the risk factors in the ruptured and unruptured intracranial aneurysms.

Risk factors Aneurysm group Control Group association p-Value

(n) RIA (n) UIA (n)

M ± SE M ± SE M ± SE

Smoking
RIA SMK vs. CTL No SMK <0.0001

Yes (89) 191.6 ± 10.03 (22) 200.2 ± 16.51 (9) 172.5 ± 18.21 RIA No SMK vs. CTL No SMK <0.0001
No (115) 194.6 ± 8.61 (56) 176.8 ± 11.82 (277) 149 ± 4.87 UIA No SMK vs. CTL No SMK 0.0146

UIA SMK vs. CTL No SMK 0.0018
Total 204 78 286

HBP
RIA HBP vs. RIA No HBP 0.0314
RIA HBP vs. CTL HBP <0.0001

Yes (123) 205.3 ± 8.65 (42) 186 ± 12.19 (150) 153.5 ± 6.79 RIA HBP vs. CTL No HBP <0.0001
No (81) 175 ± 9.56 (36) 180.3 ± 15.64 (136) 145.5 ± 6.62 UIA HBP vs. CTL HBP 0.0082

UIA HBP vs. CTL No HBP 0.0019
UIA No HBP vs. CTL No HBP 0.0365

Total 204 78 286

F. history
Yes (29) 188 ± 18.35 (11) 169 ± 25.53 – – – – – 0.5812
No (175) 194.1 ± 6.7 (67) 187.8 ± 10.64 – – – – – 0.6516

Total 204 78 286

Legend: n=number of samples; M=mean; SE= standard error; SMK= smoking; HBP=hypertension; F. history= familial history; vs.= versus.
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levels, but only when compared with the control group, being hy-
pertensive or not (p < 0.05). The influences of MMP-9 and hyperten-
sion in the rupture of aneurysms has been shown by Nuki et al. [36] in
mice models that have a similar histology to those reported in human
intracranial aneurysms. They observed that the incidence of in-
tracranial aneurysms was reduced to 40% in the hypertensive MMP-9
knockout mice when compared to the wild type mice, suggesting an
important role of this gelatinase in aneurysm formation and rupture
[36]. Hemodynamical stress could degenerate the internal elastic la-
mina due to the inflammatory processes, with a destruction of the tight
junctions, which could then facilitate the migration of the macrophages
and the formation and rupture of cerebral aneurysms [37].

Makino et al. [38] used the same characteristics and they found that
the induction of hypertension resulted in the formation and the rupture
of the aneurysms (SAH) that were detected through neurological
symptoms. They found that in the brain tissue samples, there were
MMP-9 activities in the unruptured aneurysms and there were abun-
dant MMP-9 activities in the ruptured aneurysms [38].

In a human study (2007), the MMP expression levels have been
shown to be significantly higher in the serum of those patients with
ruptured aneurysms (SAH) with hypertension, when compared to those
with unruptured aneurysms [39]. This data is similar to our study,
demonstrating that the activities and the expression of MMP-9 are more
relevant in the damage of the vascular extracellular matrix in hy-
pertensive individuals. However, other studies have reported that hy-
pertension may play a more important role in the formation of the
aneurysm than in its rupture, including the formation of new aneurysms
after the treatment of an RIA [40].

Interestingly, in our samples, different levels of MMP-9 were ob-
served in the RIAs between those with and without hypertension.
However, the same profile was not observed between the smokers,
suggesting that hypertension is an important factor for the RIAs.

5. Conclusions

In this study, it was observed that smoking increased the levels of
MMP-9 in those patients with an RIA and a UIA. However, this asso-
ciation was not as strongly associated with ruptured aneurysms as hy-
pertension. On the other hand, high levels of MMP-9 were found in
smaller ruptured and unruptured intracranial aneurysms (< 7mm)
with strongest statistical associations than other sizes, suggesting that
these patients should be followed closely, especially if associated with
hypertension.
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