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INTRACRANIAL ANEURYSM

Neutrophil Extracellular Traps Promote the 
Development of Intracranial Aneurysm Rupture
Masaaki Korai,* James Purcell,* Yoshinobu Kamio ,* Kazuha Mitsui , Hajime Furukawa, Kimihiko Yokosuka,  
Takeshi Miyamoto, Hitomi Sato, Hiroki Sato, Satoru Eguchi , Jinglu Ai, Michael T. Lawton, Tomoki Hashimoto

ABSTRACT: Potential roles for neutrophils in the pathophysiology of intracranial aneurysm have long been suggested by clinical 
observations. The presence of neutrophil enzymes in the aneurysm wall has been associated with significant increases 
in rupture risk. However, the mechanisms by which neutrophils may promote aneurysm rupture are not well understood. 
Neutrophil extracellular traps (NETs) were implicated in many diseases that involve inflammation and tissue remodeling, 
including atherosclerosis, vasculitis, and abdominal aortic aneurysm. Therefore, we hypothesized that NETs may promote the 
rupture of intracranial aneurysm, and that removal of NETs can reduce the rate of rupture. We employed both pharmacological 
and genetic approaches for the disruption of NETs and used a mouse model of intracranial aneurysm to investigate the roles 
of NETs in the development of intracranial aneurysm rupture. Here, we showed that NETs are detected in human intracranial 
aneurysms. Both global and granulocyte-specific knockout of peptidyl arginine deiminase 4 (an enzyme essential for NET 
formation) reduced the rate of aneurysm rupture. Pharmacological blockade of the NET formation by Cl-amidine also reduced 
the rate of aneurysm rupture. In addition, the resolution of already formed NETs by deoxyribonuclease was effective against 
aneurysm rupture. Inhibition of NETs formation with Cl-amidine decreased mRNA expression of proinflammatory cytokines 
(intercellular adhesion molecule 1 [ICAM-1], interleukin 1 beta [IL-1β], monocyte chemoattractant protein-1 [MCP-1], and 
tumor necrosis factor alpha [TNF-α]) in cerebral arteries. These data suggest that NETs promote the rupture of intracranial 
aneurysm. Pharmacological removal of NETs, by inhibition of peptidyl arginine deiminase 4 or resolution of already-formed 
NETs, may represent a potential therapeutic strategy for preventing aneurysmal rupture. (Hypertension. 2021;77:2084–
2093. DOI: 10.1161/HYPERTENSIONAHA.120.16252.) • Data Supplement
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Potential roles for neutrophils in the pathophysiology 
of intracranial aneurysm have long been suggested 
by clinical observations.1–6 Plasma levels of neutrophil 

elastase are elevated in patients with intracranial aneu-
rysm, and this has been associated with vascular wall deg-
radation.1,2 Also, a higher degree of neutrophil infiltration 
has been observed in ruptured aneurysms compared with 
unruptured aneurysms.3–5 Furthermore, the presence of 
neutrophil enzymes in the aneurysm wall has been asso-
ciated with significant increases in rupture risk, suggest-
ing that neutrophils may play a causal role in aneurysm 
rupture.6 However, the mechanisms by which neutrophils 
promote aneurysm rupture are not well understood.

Neutrophils kill pathogens by multiple mechanisms, 
including phagocytosis and the secretion of antimicrobial 
granular contents. A lesser-known neutrophil defense 
mechanism is the release of neutrophil extracellular traps 
(NETs). NETs are networks of unraveled chromatin deco-
rated with histones and antimicrobial granular enzymes.7,8 
NET formation results in neutrophil death and may be 
triggered in response to stimuli such as microorganisms, 
activated platelets, and proinflammatory cytokines.9 While 
NETs have an antimicrobial effect, they may also cause 
tissue damage by degrading the extracellular matrix and 
inducing inflammation. Recent studies have revealed roles 
for NETs in a range of diseases that involve inflammation 
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and tissue remodeling, including atherosclerosis, vasculitis, 
and abdominal aortic aneurysm.9,10 NET formation leads 
to a vicious cycle of tissue injury, inflammatory-cytokine 
release, neutrophil recruitment, and recurrent production of 
NETs, resulting in conditions of sustained inflammation and 
tissue degradation.11 Importantly, chronic inflammation and 
degradation of vascular walls are well-established contrib-
utors in the pathophysiology of intracranial aneurysm.12–14

Blocking NET formation and resolution of NETs have 
been successfully used to reverse or alleviate the pro-
gression of the diseases that involve NETs-induced 
inflammation.15–17 PAD4 (peptidyl arginine deiminase 4) is 
an enzyme that triggers the decondensation of chromatin 
and is essential for NET formation.9 Genetic and phar-
macological manipulation of PAD4 have been used to 
examine the roles of NETs in various disease models.15,18 
Pharmacological inhibition of PAD4, using Cl-amidine, has 
been shown to disrupt NET formation in vivo and alleviate 
inflammatory conditions.16,17 Also, treatment with DNase 
(deoxyribonuclease) has been used to reduce NET bur-
den by degrading already-formed NETs.7,11,19

In this study, we hypothesized that NETs promote the 
rupture of intracranial aneurysm, and that removal of 
NETs can reduce the rate of rupture. We employed both 
pharmacological and genetic approaches for the disrup-
tion of NETs and used a mouse model of intracranial 
aneurysm to investigate the roles of NETs in the devel-
opment of intracranial aneurysm rupture.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Mouse Model of Intracranial Aneurysm
Experiments were conducted in accordance with the guide-
lines approved by the Institutional Animal Care and Use 
Committee. PAD4flox/flox (PAD4f/f) mice, mice expressing 
Cre recombinase under the control of the myeloid-specific 
lysosome M (LysM) promoter (LysMCre), PAD4 global knock-
out (PAD4 KO) mice, and C57BL/6J (wild-type) mice were 
obtained from Jackson Laboratory (Bar Harbor, ME). PAD4f/f 
mice lacking LysMCre (PAD4f/fLysMCre−) and C57BL/6J 
mice were used as controls. PAD4 KO and PAD4f/fLysMCre+ 
mice were used as global knockout and neutrophil-specific 
knockout, respectively. To induce aneurysm formation, we 
combined systemic hypertension and a single injection of 
elastase (35 mU) into the cerebrospinal fluid at the right 
basal cistern as we previously described.20,21 To induce sys-
temic hypertension, we used deoxycorticosterone acetate-
salt-induced hypertension.20,21

To detect aneurysmal rupture, 2 blinded observers performed 
a daily neurological examination as previously described.21 
Aneurysms are defined as a localized outward bulging of the 
vascular wall (>150% of the control artery).22 When mice 
develop neurological symptoms associated with aneurysmal 
rupture (neurological score: 1–5), we euthanize them imme-
diately (within 4 hours). In both euthanized and dead mice, we 
inspect the brain samples and verify the presence of aneurysm 
and hematoma from subarachnoid hemorrhage by examining 
the Circle of Willis and its major branches under a dissecting 
microscope (10×).21 Our study confirmed the specificity and 
sensitivity of this approach in detecting aneurysmal rupture.21 
All remaining mice were euthanized 3 weeks after aneurysm 
induction.21,23,24 Mice were transcardially perfused with phos-
phate-buffered saline, followed by a gelatin-containing blue 
dye to visualize cerebral arteries. Representative images of 
brain base showing ruptured, unruptured, or no aneurysm are 
presented in Figure 1B.

Nonstandard Abbreviations and Acronyms

DNase deoxyribonuclease
MPO myeloperoxidase
NET neutrophil extracellular trap
PAD4 peptidyl arginine deiminase 4

Novelty and Significance

What Is New?
• We discovered a molecular complex called neutrophil 

extracellular traps (NETs) may be a novel viable target 
for preventing aneurysm rupture at the base of the brain.

• We proved this with both genetic and pharmacological 
manipulations in a mouse model of intracranial aneu-
rysm (a berry-like structure on the arteries at the base 
of the brain).

What Is Relevant?
• High blood pressure has been shown to play an important 

role in the formation and rupture of intracranial aneurysms.
• Currently, there is no clinical treatment available for 

this devastating disease.

Summary
• Genetically knockout a key enzyme (PAD4 [pepti-

dyl arginine deiminase 4]) that is essential for NET 
formation significantly reduced the rupture rate of 
aneurysms.

• Both pharmacological inhibition of NETs formation 
with Cl-amidine or disruption of already formed NETs 
with DNase significantly decreased the rupture rate of 
aneurysms.

• Pharmacological removal of NETs, by inhibition of 
PAD4 or resolution of already-formed NETs, may rep-
resent a potential therapeutic strategy for preventing 
aneurysmal rupture.
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Drug Treatment
Cl-amidine (a PAD4 inhibitor, Sigma-Aldrich, St. Louis, MO) was 
diluted in 200 μM Lock’s solution (150 mmol/L NaCl, 5 mmol/L 
KCl, 2 mmol/L CaCl2, 0.1% glucose, and 10 mmol/L HEPES 
buffer, pH 7.3) and administered at a dose of 10 mg/kg per day 
intraperitoneally.16 DNase 1 (Pulmozyme; Genentech, CA) was 
diluted in sterile saline and injected daily (50 μg intraperitone-
ally and 10 μg intravenously).25,26 Both treatments were started 
6 days and continued until 21 days after aneurysm induction. 
This timing of the treatment was found to affect aneurysmal 
rupture without affecting the formation of aneurysms.21,23,24

Histology and Real-Time Polymerase Chain 
Reaction Detection of Proinflammatory 
Cytokines
For the quantitative analysis of NETs and neutrophils, we col-
lected the brain tissue samples from the mice treated with vehicle 
or Cl-amidine at 8 days after aneurysm induction (n=5 from each 
group). For the real-time polymerase chain reaction detection of 
proinflammatory cytokines, we collected total RNA samples from 
cerebral arteries (Circle of Willis, including aneurysms) 8 days 
after aneurysm induction as previously described.14,27 We chose 

Figure 1. Neutrophil extracellular traps (NETs) are present in human intracranial aneurysms.
A, Representative pictures of an unruptured aneurysm with a partially organized thrombus (left and middle panels). There were abundant NET 
formations indicated by H3Cit-positive areas in the aneurysm wall (indicated as W). There was almost no H3Cit-positive area inside the partially 
organized thrombus (indicated as T). H3Cit was overlapping with MPO (myeloperoxidase) neutrophils marker, but not with CD68 (macrophage 
marker). In contrast, there is no H3Cit positivity in the control tissue from the superficial temporal artery (STA, A, right). H&E, hematoxylin 
and eosin staining. Dashed square on the H&E image is used for the high power image in Figure S2 in the Data Supplement showing the 
polymorphonuclear cells. B, Representative images of brain base showing ruptured, unruptured, or no aneurysm from the mouse model used in 
the current study.
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8 days after elastase injection for these analyses to captures the 
molecular and histological changes that occur before aneurysms 
start rupturing. Our previous studies showed that aneurysms 
start rupturing around 7 to 8 days after aneurysm induction (for 
more details, please see http://hyper.ahajournals.org).21,23

Statistical Analysis
Fisher exact test was used to analyze the incidences of aneu-
rysm formation and subarachnoid hemorrhage. Log-rank 
(Mantel-Cox) test was used for the analysis of survival rate. 
Multiple t test was used for blood pressure analysis. Real-time 
polymerase chain reaction data were analyzed by the Mann-
Whitney U test. P <0.05 were considered statistically signifi-
cant. Data are expressed as means±SD.

RESULTS
NETs Are Present in Human Intracranial 
Aneurysms
As a first step, we examined whether NETs were present 
in human aneurysm samples. We collected 4 intracranial 
aneurysm tissues and 3 superficial temporal artery tis-
sues from patients who underwent aneurysm clipping. 
We used a combination of H3Cit (citrullinated histone H3: 
NET formation marker) and MPO (myeloperoxidase: a 
neutrophil marker) to detect NETs in aneurysm samples. 

Both ruptured and unruptured aneurysms showed NET 
formations in the aneurysm wall. Figure 1A (left and mid-
dle panels) shows representative pictures of an unrup-
tured aneurysm with a partially organized thrombus. There 
were abundant NET formations indicated by H3Cit posi-
tive areas in the aneurysm wall (indicated as W). There 
was almost no H3Cit positive area inside the partially 
organized thrombus (indicated as T). The area positively 
stained by H3Cit was largely overlapping with MPO stain-
ing (neutrophils marker) but not with CD68 (macrophage 
marker). In contrast, there is no H3Cit positivity in the con-
trol tissue from the superficial temporal artery (Figure 1A, 
right). The high-magnification picture of hematoxylin and 
eosin staining shows the presence of polymorphonuclear 
cells (Figure S2 in the Data Supplement).

Global Knockout of PAD4 Reduces the Rate of 
Aneurysm Rupture
We assessed the contribution of NETs to the rupture 
of intracranial aneurysm using PAD4-knockout (PAD4 
KO) mice, mice that are incapable of forming NETs (Fig-
ure 2).9,28,29 There was no significant difference in the 
incidence of aneurysm formation between PAD4 KO 
mice and wild-type littermates (PAD4 WT, Figure 2A). 
PAD4 KO mice experienced a significant reduction in the 

Figure 2. Global knockout of PAD4 
(peptidyl arginine deiminase 4) 
reduces the rate of aneurysm rupture.
There is no difference in the incidence of 
aneurysm between wild-type and PAD4 
KO mice (A). There are significantly 
decreased aneurysm rupture rate (B) 
and SAH rate (C) in PAD4 KO mice as 
compared with wild-type control mice. 
A significantly increased symptom-free 
survival rate (D) is seen in PAD4 KO mice 
as compared with wild-type control mice. 
There is no difference in blood pressure 
between the 2 groups (E). Fisher exact 
test was used to analyze the incidences 
of aneurysm formation and subarachnoid 
hemorrhage (B and C). Log-rank (Mantel-
Cox) test was used for the analysis of 
survival rate (D). Multiple t test was used 
for blood pressure analysis (E). Data are 
expressed as means±SD. *P<0.05.
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rate of aneurysm rupture compared with wild-type (Fig-
ure 2B, 82% versus 25%, n=11 versus 8, wild-type ver-
sus knockout, P<0.05). Similarly, PAD4 KO mice also had 
a significant reduction in the incidence rate of subarach-
noid hemorrhage (SAH) (ruptured versus unruptured+no 
aneurysm) compared with wild-type (Figure 2C, 64% 
versus 14%, n=14 for both, wild-type versus knockout, 
P<0.05). PAD4 KO had significantly improved symptom-
free survival rate (Figure 2D, Log-rank [Mantel-Cox] test, 
P<0.05). There was no difference in systolic blood pres-
sure between the 2 groups (Figure 2E).

Granulocyte-Specific Knockout of PAD4 
Reduces the Rate of Aneurysm Rupture
Since global PAD4-knockout mice experienced a sig-
nificant reduction in the rate of aneurysm rupture, we 
investigated whether this effect was due to the loss 
of PAD4 expression in neutrophils. We compared the 
rate of aneurysm rupture between granulocyte-specific 
PAD4 KO mice (PAD4f/fLysMCre+) and their control lit-
termates (PAD4f/fLysMCre−). There was no difference 
in the incidence of aneurysm formation between the 
2 groups (Figure 3A). However, PAD4f/fLysMCre+ mice 
experienced a significant reduction in rate of aneu-
rysm rupture compared with PAD4f/fLysMCre− littermates 
(Figure 3B, 87% versus 36%, n=15 versus 11, PAD4f/

fLysMCre− versus PAD4f/fLysMCre+, P<0.05). PAD4f/fLysMCre+ 
mice also had a significant reduction in rate of SAH com-
pared with PAD4f/fLysMCre− littermates (Figure 3C, 68% 
versus 21%, n=19 for both, PAD4f/fLysMCre− versus PAD4f/

fLysMCre+, P<0.05). Additionally, PAD4f/fLysMCre+ mice 
had significantly improved symptom-free survival rate 
(Figure 3D, Log-rank [Mantel-Cox] test, P<0.05). There 
was no difference in systolic blood pressure between the 
2 groups (Figure 3E).

Pharmacological Blockade of the NET 
Formation by Cl-Amidine Reduced the Rate of 
Aneurysm Rupture
As a next step, we tested the effects of pharmacological 
blocking of NETs on the formation and rupture of intra-
cranial aneurysm. We used Cl-amidine to block PAD4 
(an enzyme that is essential for NET formation). There 
was no difference in the incidence of aneurysm forma-
tion between the vehicle-treated and Cl-amidine-treated 
groups (Figure 4A). However, compared with vehicle-
treated control mice, Cl-amidine-treated mice had a sig-
nificant reduction in both the rate of aneurysm rupture 
(Figure 4B, 93% versus 36%, n=13 versus 11, vehicle 
versus Cl-amidine, P<0.05) and the rate of SAH (Fig-
ure 4C, 75% versus 24%, n=16 versus 17, vehicle ver-
sus Cl-amidine, P<0.05). Additionally, Cl-amidine-treated 

Figure 3. Granulocyte-specific 
knockout of PAD4 (peptidyl arginine 
deiminase 4) reduces the rate of 
aneurysm rupture.
There is no difference in the incidence 
of aneurysm between flox control mice 
(PAD4f/fLysMCre−) and granulocyte-
specific PAD4 KO (PAD4f/fLysMCre+) mice 
(A). There are significantly decreased 
aneurysm rupture rate (B) and SAH 
rate (C) in PAD4f/fLysMCre+ KO mice as 
compared with control mice. A significantly 
increased symptom-free survival rate (D) 
is seen in PAD4f/fLysMCre+ KO mice as 
compared with control mice. There is no 
difference in blood pressure between the 
2 groups (E). Fisher exact test was used 
to analyze the incidences of aneurysm 
formation and subarachnoid hemorrhage 
(B and C). Log-rank (Mantel-Cox) test 
was used for the analysis of survival rate 
(D). Multiple t test was used for blood 
pressure analysis (E). Data are expressed 
as means±SD. *P<0.05.
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mice had significantly improved symptom-free survival 
rate (Figure 4D, Log-rank [Mantel-Cox] test, P<0.05). 
There was no difference in systolic blood pressure 
between the 2 groups (Figure 4E).

Since Cl-amidine is not specific to PAD4, we stained 
for H3-Cit (a NETs marker) and Ly-6G (a neutrophil 
marker) in cerebral arteries to confirm that Cl-amidine 
treatment blocked the formation of NETs. Figure 5A 
shows representative staining of cerebral arteries for 
H3-Cit and Ly-6G. We found a significant reduction in 
both H3-Cit- and Ly-6G-positive cells in cerebral arter-
ies from Cl-amidine-treated mice compared with vehicle-
treated mice (Figure 5B, H3-Cit: 89±41 versus 47±26, 
n=10 for both, vehicle versus Cl-amidine, P<0.05; Fig-
ure 5C, Ly-6G: 30±25 versus 4.5±3.8, n=10 for both, 
vehicle versus Cl-amidine, P<0.05).

Resolution of NETs by DNase Reduced the Rate 
of Aneurysm Rupture
Next, we tested whether degradation of already-formed 
NETs would affect the rate of rupture. There was no dif-
ference in the incidence of aneurysm formation between 
the vehicle-treated and DNase-treated groups (Fig-
ure 6A). However, compared with vehicle-treated control 
mice, DNase-treated mice had a significant reduction in 
both the rate of aneurysm rupture (Figure 6B, 81% versus 
33%, n=21 versus 18, vehicle versus DNase, P<0.05) 

and the rate of SAH (Figure 6C, 68% versus 23%, n=25 
versus 26, vehicle versus DNase, P<0.05). Additionally, 
DNase-treated mice had significantly improved symp-
tom-free survival rate (Figure 6D, Log-rank [Mantel-Cox] 
test, P<0.05). There was no difference in systolic blood 
pressure between the 2 groups (Figure 6E).

Pharmacological Inhibition of PAD4 Reduced 
mRNA Expression of Proinflammatory 
Cytokines in Cerebral Arteries
To examine the effects of blocking NET formation on 
inflammation in cerebral arteries, we performed real-
time polymerase chain reaction to measure the mRNA 
expression levels of multiple genes involved in inflam-
mation from mice treated with vehicle or Cl-amidine, a 
PAD4 blocker. Cl-amidine-treated mice had significantly 
decreased mRNA expression of ICAM-1, IL-1β, MCP-
1, and TNF-α as compared with vehicle-treated con-
trols (Figure S1, vehicle versus Cl-amidine; ICAM-1: 
1.0±0.3 versus 0.5±0.16, n=8 for both, P<0.05; IL-1β: 
1.0±1.1 versus 0.37±0.23, n=8 versus 6, P<0.05; MCP-
1: 1.0±0.51 versus 0.44±0.18, n=7 versus 6, P<0.05; 
TNFα: 1.0±0.88 versus 0.23±0.15, n=7 for both, 
P<0.05). There was no significant difference in mRNA 
expression of other proinflammatory cytokines between 
vehicle-treated or Cl-amidine-treated groups (please see 
http://hyper.ahajournals.org).

Figure 4. Pharmacological blockade 
of the neutrophil extracellular trap 
formation by Cl-amidine reduced the 
rate of aneurysm rupture.
There is no difference in the incidence 
of aneurysm between vehicle-treated 
control mice and CI-amidine-treated mice 
(A). There are significantly decreased 
aneurysm rupture rate (B) and SAH 
rate (C) in CI-amidine-treated mice as 
compared with vehicle-treated control 
mice. A significantly increased symptom-
free survival rate (D) is seen in CI-amidine-
treated mice as compared with control 
mice. There is no difference in blood 
pressure between the 2 groups (E). 
Fisher exact test was used to analyze the 
incidences of aneurysm formation and 
subarachnoid hemorrhage (B and C). 
Log-rank (Mantel-Cox) test was used for 
the analysis of survival rate (D). Multiple t 
test was used for blood pressure analysis 
(E). Data are expressed as means±SD. 
*P<0.05.
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DISCUSSION
NETs are decorated with cytotoxic granular enzymes 
such as neutrophil elastase, metalloproteinases, and 
myeloperoxidase.7 While these proteases are essential 
for the antimicrobial function of NETs, they can also 
cause tissue damage, which leads to proinflammatory 
cytokine secretion, neutrophil recruitment, and further 
NET formation.11,30 In vascular tissues, this vicious cycle 
may result in a state of sustained inflammation and deg-
radation of the vascular wall, conditions which have been 
closely linked to the aneurysm pathophysiology.12–14 
In the context of intracranial aneurysm, the formation 
of NETs may be triggered by endothelial damage and 

neutrophil activation that are triggered by hemodynamic 
stresses, tissue remodeling, and inflammation.

In this study, using a mouse model of intracranial 
aneurysm, we showed that both genetic and pharmaco-
logical disruption of NETs significantly reduced the rate 
of aneurysm rupture. These findings provide support for 
the link between NETs and aneurysm rupture that has 
been suggested by clinical studies.

We found that the global knockout of PAD4 signifi-
cantly reduced the rate of rupture. PAD4 initiates the 
process of NET formation by catalyzing histone citrul-
lination and chromatin decondensation. Genetic dele-
tion of PAD4 genes has previously been shown to block 
the formation of NETs in mice.9,28,29 To confirm that the 
reduction in rupture rate was due to loss of PAD4 in 
neutrophils, we used granulocyte-specific PAD4 knock-
out mice (PAD4f/fLysMCre+), which lack PAD4 specifically 
in neutrophils and other myeloid lineage cells. Indeed, 
PAD4f/fLysMCre+ mice experienced significant reductions 
in rupture rate, confirming that NET formation promotes 
aneurysm rupture.

In addition to the genetic deletion of PAD4, we 
employed 2 distinct pharmacological approaches of 
eliminating NETs. First, we treated mice with Cl-amidine, 
which prevents NET formation by inhibition of PAD4. 
Treatment with Cl-amidine significantly reduced the 
rate of aneurysm rupture. Moreover, we confirmed that 
Cl-amidine treatment blocked NET formation and neu-
trophil infiltration in cerebral arteries. The blocking of 
NET formation by Cl-amidine resulting in the reduction 
of aneurysm wall inflammation may be the underlying 
mechanism that prevents further neutrophil activation 
and infiltration. Additionally, we examined whether deg-
radation of NETs after their formation would have similar 
efficacy in the prevention of aneurysm rupture. Indeed, 
treatment with DNase significantly reduced the rate of 
rupture. DNase treatment represents a clinically relevant 
means of targeting NETs for the prevention of aneurysm 
rupture, wherein patients would begin treatment after the 
diagnosis of an unruptured aneurysm. Our data show that 
interrupting preestablished NETs is sufficient to reduce 
the rate of aneurysm rupture.

In vascular tissues, NETs promote sustained inflam-
mation and degradation of the vascular wall, conditions 
which are commonly associated with the pathophysiology 
of intracranial aneurysm.12–14 Therefore, we examined the 
effects of eliminating NETs on inflammation in cerebral 
arteries. We found that Cl-amidine-treated groups had 
significantly reduced expression of ICAM-1, IL-1β, MCP-
1, and TNF-α in cerebral arteries. These data suggest 
that pharmacological prevention of NET formation may 
prevent the rupture of intracranial aneurysm by attenuat-
ing vascular inflammation.

This study has several limitations. First, the animal 
model may not completely replicate biological events that 
lead to aneurysm formation and growth, as aneurysms 

Figure 5. Cl-amidine treatment reduced the H3-Cit and Ly-6G 
strained cells.
Representative images showing a clear reduction of the number of 
cells stained by H3-Cit (neutrophil extracellular traps [NETs] marker) 
and Ly-6G (neutrophil marker) (A). Quantification showing that Cl-
amidine treatment significantly reduced the positively stained cells in 
both H3-Cit (B) and Ly-6G (C) immunohistochemical staining. Data 
are expressed as means±SD, Student t test, *P<0.05
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were induced, rather than spontaneously formed. While 
many studies indicated the critical roles of vascular inflam-
mation in the pathophysiology of intracranial aneurysms, 
there may be significant differences in the triggering fac-
tors of vascular inflammation between human aneurysms 
and this model. In addition, the time course of aneurys-
mal formation and rupture in this model is shorter than 
that of the human aneurysm. However, the phenotypes of 
intracranial aneurysms in the model closely mimic that of 
intracranial aneurysms in humans.20,21 More importantly, 
human intracranial aneurysms and aneurysms in this 
model share the end phenotypes, aneurysmal rupture, and 
associated neurological symptoms, further indicating the 
biological similarities between human intracranial aneu-
rysms and this mouse model of intracranial aneurysm.21,23

In our immunohistochemical analyses, we found MPO 
within the proximity of NETs. Both NET itself and MPO 
are proinflammatory and can damage the aneurysm wall. 
Thus, it is likely that naked DNAs of NETs and accom-
panying neutrophil enzymes such as MPO synergisti-
cally promote the development of aneurysmal rupture. 
Although the images, to a reasonable degree, showing 
the overlapping staining of NETs marker (H3Cit) with 
MPO, it would be the best option to perform additional 
double or even triple immunofluorescence staining of 
the molecular/cell markers. The high-magnification pic-
ture of hematoxylin and eosin staining does show the 
presence of many polymorphonuclear cells (presumably 

neutrophils) in the same area where NETs and MPO 
overlap. However, we cannot exclude the possibility that 
other inflammatory cells may involve in NETs formation. 
Indeed, recent reports show that macrophage, mast cells, 
and basophils can form NET-like structures.31–35 This 
point remains a limitation of our study.

Our previous study suggested that the gut microbi-
ota may contribute to the disease course of intracranial 
aneurysms by modulating inflammation.14 While there are 
no reports that Cl-amidine or DNase directly impact the 
gut microbiota, it is possible that loss of NETs and/or 
drug treatment itself could affect the gut microbiota and 
contribute to the observed differences in rupture rate. 
This may warrant further investigation in future studies.

Another limitation of this study is that our genetic 
deletion of PAD4 is not entirely neutrophil-specific, as 
LysM-Cre mice express Cre recombinase in all myeloid 
lineage cells. Therefore, the observed effects could be 
influenced by the deletion of PAD4 in other cell types, 
such as monocytes and macrophages. Future stud-
ies using Cx3cr1-Cre mice, which have been shown to 
delete floxed genes in monocytes, macrophages, and 
mast cells, but not in neutrophils, may be employed to 
exclude the potential contributions of PAD4 expression 
in these non-neutrophil populations. It should also be 
considered that Cl-amidine is not specific to PAD4 and 
may inhibit other PADs, even though it has been used 
widely for PAD4 inhibition.36 A specific PAD4 inhibitor 

Figure 6. The resolution of neutrophil 
extracellular traps by DNase reduced 
the rate of aneurysm rupture.
There is no difference in the incidence 
of aneurysm between vehicle-treated 
control mice and DNase-treated mice (A). 
However, there are significantly decreased 
aneurysm rupture rate (B) and SAH rate 
(C) in DNase-treated mice as compared 
with vehicle-treated control mice. A 
significantly increased symptom-free 
survival rate (D) is seen in DNase-treated 
mice as compared with control mice. 
There is no difference in blood pressure 
between the 2 groups (E). Fisher exact 
test was used to analyze the incidences 
of aneurysm formation and subarachnoid 
hemorrhage (B and C). Log-rank (Mantel-
Cox) test was used for the analysis of 
survival rate (D). Multiple t test was used 
for blood pressure analysis (E). Data are 
expressed as means±SD. *P<0.05.
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may be used in future studies to rule out the influence 
of other PADs.28 Furthermore, as NET formation may 
involve multiple neutrophil enzymes including neutro-
phil elastase, myeloperoxidase, and gasdermin D, future 
studies should explore the pharmacological manipulation 
of these enzymes as additional therapeutic approaches.

Finally, we used only male mice in this study. Our pre-
vious studies showed that the incidence of aneurysm 
formation and rupture rates are higher in ovariectomized 
female mice than male mice and sham-ovariectomized 
female mice, indicating protective effects of estrogen 
against the formation and rupture of intracranial aneu-
rysms.24,37 The baseline differences in the incidence of 
aneurysm formations and aneurysmal ruptures among 
male, nonovariectomized female, and ovariectomized 
female mice make the inclusion and comparison of 
these groups and the experimental design far more 
complex. While this proof-of-concept study started with 
experiments using male animals, roles of sex differences 
should be carefully examined in future studies.

PERSPECTIVES
This study suggests that NETs promote the rupture of 
intracranial aneurysm. Pharmacological removal of NETs, 
by inhibition of PAD4 or resolution of already-formed 
NETs, may represent a potential therapeutic strategy for 
preventing aneurysmal rupture. Further studies are war-
ranted to firmly establish the causal role of NETs in the 
rupture of intracranial aneurysm.
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