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Abstract
Aneurysmal subarachnoid hemorrhage (aSAH) is an uncommon and severe subtype of stroke leading to the loss of many 
years of productive life. We analyzed NLRP3 activity as well as key components of the inflammasome cascade in monocytes 
and plasma from 28 patients with aSAH and 14 normal controls using flow cytometry, western blot, ELISA, and qPCR tech-
nologies. Our data reveal that monocytes from patients with aSAH present an overactivation of the NLRP3 inflammasome, 
which results in the presence of high plasma levels of interleukin (IL)-1β, IL-18, gasdermin D, and tissue factor. Although 
further research is needed, we propose that serum tissue factor concentration might be a useful prognosis biomarker for 
clinical outcome, and for Tako-Tsubo cardiomyopathy and cerebral vasospasm prediction. Remarkably, MCC-950 inhibitor 
effectively blocks NLRP3 activation in aSAH monocyte culture and supresses tissue factor release to the extracellular space. 
Finally, our findings suggest that NLRP3 activation could be due to the release of erythrocyte breakdown products to the 
subarachnoid space during aSAH event. These data define NLRP3 activation in monocytes from aSAH patients, indicating 
systemic inflammation that results in serum TF upregulation which in turns correlates with aSAH severity and might serve 
as a prognosis biomarker for aSAH clinical outcome and for cerebral vasospasm and Tako-Tsubo cardiomyopathy prediction.
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Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) represents 
a serious medical emergency with an incidence of 7.9 per 
100.000 persons per year [1]. Approximately 11% of these 
patients die before receiving medical attention, and 40% 
pass away within 4 weeks after hospital admission [2]. The 
high mortality and morbidity of aSAH are associated with 
pathophysiological mechanisms including the immediate 
global ischemic brain injury caused by an acute increase in 
intracranial cerebral pressure, a decrease in cerebral blood 
flow, initiation of cell death signaling, blood brain barrier 
breakdown, and brain edema [3–5]. Also, these pathophysi-
ological processes contribute to the appearance of compli-
cations that are closely related with the poor outcome, such 
as cerebral vasospasm (CVS), hydrocephalus, delayed neu-
rological injury, and cardiopulmonary complications, such 
as Tako-Tsubo cardiomyopathy (TCM) [6]. Thus, efforts 
have been made to find prognostic markers that facilitate 
the detection and treatment of complications following 
aSAH [7]. Some studies point to inflammation as the main 
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mechanism underlying aSAH complications [8, 9]. Recently, 
increasing evidence has indicated the role of the NLRP3 
(nucleotide binding and oligomerization domain-like recep-
tor family pyrin domain-containing 3) inflammasome as a 
key component of post-SAH inflammatory response in ani-
mal models [10–21]. In fact, activation of NLRP3 inflam-
masome in pathology of intracerebral hemorrhage has been 
recently reviewed [22]. However, to our knowledge, there is 
paucity of human studies confirming NLRP3 overactivation 
in aSAH patients.

Growing evidence suggests that the inflammasome might 
be an upstream target that controls “sterile” inflammation 
pathways involved in several inflammatory disorders [23]. 
Briefly, NLRP3 recruits caspase-1 (CASP1) in the presence 
of ASC (apoptosis-associated speck-like protein containing 
a CARD), resulting in the cleavage of pro-inflammatory 
cytokines: interleukin (IL)-1β and IL-18 [24, 25]. Also, 
CASP1 cleaves gasdermin D (GSDMD) to induce pyropto-
sis, which is inflammatory programmed cell death accom-
panied by increased plasma membrane permeability [26]. 
Moreover, tissue factor (TF), an essential initiator of coagu-
lation cascades involved in the pathophysiology of several 
diseases [27], is released from pyroptotic macrophages [28]. 
Interestingly, patients with aSAH present increased levels of 
TF in cerebrospinal fluid which was related to CVS devel-
opment [29–32], suggesting a possible role of TF in aSAH 
severity. However, the expression of serum TF has not yet 
been assessed in aSAH patients.

Understanding the role of NLRP3 inflammasome in 
aSAH human patients could be of great significance for the 
treatment of this disease and the prevention of its associated 
complications. Thus, in this study, we aimed to assess the 
expression of inflammasome components as well as their 
association with aSAH clinical indicators, complications, 
and outcome.

Methods

Patients and Healthy Participants

Twenty-eight patients who fulfilled the diagnostic criteria 
for aSAH according to the European Stroke Organization 
guidelines for the management of intracranial aneurysms 
and subarachnoid hemorrhage were recruited at La Paz 
University Hospital, Madrid, Spain. The study was con-
ducted in accordance with the ethical guidelines of the 
1975 Declaration of Helsinki and was approved by the 
Committee for Human Subjects of La Paz University 
Hospital (PI-3405). All the participants provided written 
consent for the study. Patient management was carried out 
in accordance with the European guidelines for the man-
agement of aSAH (ESO) [33]. Patient functional outcome 

was performed 6 months after discharge from the ICU; 
Glasgow Outcome Scale Extended (GOS-E) was recorded 
by telephone call. Fourteen sex- and age-matched normal 
controls (NC) with no history of aSAH or any other sig-
nificant illness (including patients with a past medical 
history of intracranial hemorrhage, head trauma, or any 
respiratory, oncologic, or systemic inflammatory disease) 
were also recruited.

Monitoring of complications was performed during inten-
sive care unit (ICU) stay using serial computed tomography 
(CT) (hydrocephalus, delayed neurological injury), echog-
raphy (TCM), daily clinical and neurological evaluation 
(CVS, delayed neurological injury, hydrocephalus, TCM), 
daily transcranial Doppler (CVS, hydrocephalus), and com-
puted tomography angiography (CTA) and/or therapeutic 
arteriography if appropriate (CVS) in addition to advanced 
ICU monitoring (invasive blood pressure, hourly diuresis, 
etc.). CVS was defined as a Lindergaard index ≥ 3 (mean 
MCA velocity ≥ 120 cm/s), performing CT angiography and/
or diagnostic and/or therapeutic arteriography in doubtful 
and/or persistent cases despite initial management [34]. 
Delayed neurological injury was defined as the occurrence 
of focal neurological impairment (hemiparesis, aphasia, 
apraxia, hemianopsia, or neglect), or a decrease of at least 
2 points on the Glasgow Coma Scale (GCS), lasting for at 
least 1 h (not evident immediately after of the occlusion of 
the aneurysm nor attributable to other causes that can be 
ruled out by clinical, analytical, or imaging tests) and/or the 
appearance of cerebral infarcts in the imaging tests in the 
first 6 weeks after aSAH that were not present in imaging 
tests 24–48 h after aneurysm occlusion not attributable to the 
surgical or endovascular process. TCM was defined by the 
presence of transient left ventricular dysfunction presenting 
as apical ballooning or midventricular, basal, or focal wall 
motion abnormalities. Chronic hydrocephalus was defined 
as hydrocephalus persisting over time (> 2–3 weeks) despite 
closing the external ventricular drain.

The study was conducted in accordance with the ethi-
cal guidelines of the 1975 Declaration of Helsinki and 
was approved by the Committee for Human Subjects of 
La Paz University Hospital (PI-3405). All the partici-
pants provided written consent for the study; this consent 
was signed by the patient or NC or by a relative or repre-
sentative in case the patient does not have the capacity to 
sign the consent. Patient management was carried out in 
accordance with the European guidelines for the manage-
ment of aSAH (ESO) [33]. In addition, perioperative treat-
ment of CVS was carried out inducing hypertension with 
noradrenaline, and following clinical and Doppler. When 
CVS persists, patients were referred to interventional 
radiology for intra-arterial nimodipine treatment. Finally, 
treatment of acute hydrocephalus was the placement of an 
external ventricular drain. The monitored complications 
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are known entities that are usually sought and monitored 
during aSAH, so all patients were diagnosed and treated 
following identical clinical patterns.

Serum Isolation and Analysis

Blood samples were collected by venipuncture into 3-mL 
serum-separating tubes on day 1 (n = 28) (0–24 h), day 
2–5 (n = 24) (48–120 h), and on day 7–10 (168–240 h) 
(n = 24) after aSAH event. Patient follow-up was not pos-
sible in patients who died (n = 4). NC were sampled at 
only one-time point and the sampling and processing were 
identical for every group. These tubes were centrifuged at 
3000 rpm during 5 min for serum collection. Serum was 
then aliquoted and stored at − 80 °C for further analysis. 
Specific enzyme-linked immunosorbent assay (ELISA) 
kits were used for the measurement of IL-18, GSDMD, 
and TF according to manufactures’ instructions as avail-
able in Table e2, Epoch 2 Microplate Spectrophotometer 
reader was used (BioTek). Inflammatory cytokine IL-1β 
concentration was measured using BD Human Inflamma-
tory Cytokine CBA kit (551,811, Becton–Dickinson Bio-
sciences), acquired by BD FACS-Calibur flow cytometer 
(Becton–Dickinson Biosciences) and analyzed by FCAP 
Array software (Becton–Dickinson Biosciences).

Monocytes Culture

Eighteen milliliters of blood was collected by venipuncture 
into EDTA (ethylenediamine tetraacetic acid) tubes on day 
1 (n = 28) (0–24 h), day 2–5 (n = 18) (48–120 h), and on 
day 7–10 (168–240 h) (n = 18) after aSAH event. Patient 
follow-up was not possible in patients who died (n = 4) 
and in those in which high quantities of blood extraction 
were no longer recommended (n = 6). NC were sampled at 
only one-time point and the sampling and processing were 
identical for every group. Blood samples were layered on 
top of 10-mL Ficoll-Paque Plus (Amersham Biosciences) 
and centrifuged at 1500 rpm for 20 min at 24 °C. PBMCs 
(peripheral blood mononuclear cells) were removed from 
the interphase and washed two times in PBS (phosphate-
buffered saline). Cells were then resuspended in Roswell 
Park Memorial Institute (RPMI) 1640 medium supple-
mented with 100 U/mL penicillin and 100 μg/mL strep-
tomycin. A total of 0.5 ×  106 monocytes per well (6-well 
plates) were seeded and enriched by adherence for 1 h in 
media culture without fetal bovine serum. The medium 
was then replaced with fresh culture media supplemented 
with 10% fetal bovine serum. Cells were incubated at 
37 °C and 5%  CO2 for 16 h and then were collected for 
further analysis.

Flow Cytometry

Monocytes from aSAH patients at day 1 (n = 28) (0–24 h), 
day 2–5 (n = 18) (48–120 h), and day 7–10 (168–240 h) 
(n = 18) after aSAH event and from NC (n = 14) were washed 
two times with PBS and then treated following a standard 
protocol using the Transcription Factor Buffer Set (Bec-
ton–Dickinson Biosciences). Cells were labeled (30 min, 
4 °C) with the anti-CD14, anti-NLRP3, and anti-ASC anti-
bodies detailed in Table e1. Additionally, caspase-1 activity 
was detected using the FAM FLICA caspase-1 kit following 
the manufacturer’s protocol (Bio-Rad Laboratories, Inc.). 
Cells were acquired using BD FACS-Calibur flow cytometer 
(Becton–Dickinson Biosciences), and data were analyzed 
using FlowJo vX.0.7 software (FlowJo). Gating schemes are 
showed at Fig. e1.

Immunoblots

Total cell extracts were prepared from monocytes of aSAH 
patients at day 1 (n = 6) and NC (n = 3) using RIPA buffer 
supplemented with protease and phosphatase inhibitors 
(ThermoFisher Scientific). Equal amounts of protein from 
each sample were separated by SDS-PAGE (sodium dode-
cyl-sulfate polyacrylamide gel electrophoresis) and blotted 
onto iBlot Gel Transfer Stacks (Invitrogen). These nitro-
cellulose membranes were then probed with anti-NLRP3 
mouse mAb (119–14,885; Ray Biotech), anti-caspase-1 
mouse mAb (MAB6215; R&D Systems), and anti-β actin 
antibody (Abcam, UK) to control for protein loading, fol-
lowed by a horseradish peroxidase (HRP)-conjugated sec-
ondary anti-mouse (Cell Signaling, UK). Antibody bind-
ing was detected by enhanced chemiluminescence (ECL) 
(Amersham-Pharmacia-Biotech, UK).

mRNA Isolation and Quantification by qPCR

RNA was extracted using High Pure RNA Isolation Kit 
(Roche Diagnostics, Switzerland) from aSAH patients at 
day 1 (n = 28) and NC (n = 14) monocytes. One microgram 
of RNA was retrotranscribed using High-Capacity cDNA 
Reverse Transcription kit (Applied Biosystems, USA). RNA 
levels were measured by qPCR using QuantiMix Easy kit 
(Biotools, Spain) and Light-Cycler system (Roche Diagnos-
tics, Switzerland) and results normalized to 18S expression. 
Primer sequences are listed in Table e3 and were synthesized 
by Eurofins Scientific SE (Luxembourg).

NLRP3 Inhibition Assays

Monocytes from randomly selected aSAH patients at day 
1 (n = 5) and NC (n = 4) obtained as described above were 
used for NLRP3 inhibition assays. A total of 0.5 ×  106 
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monocytes per well were cultured in M6 plates and treated 
or not with 5 μM MCC-950 (INH-MCC, Ibian Technolo-
gies S.L). Cells were incubated at 37 °C and 5%  CO2 for 
16 h and then both monocytes and supernatants were col-
lected for further analysis. Monocytes were washed two 
times with PBS and then treated following a standard 
protocol using the Transcription Factor Buffer Set (Bec-
ton–Dickinson Biosciences). Cells were labeled (30 min, 
4 °C) with the anti-CD14, anti-NLRP3, and anti-ASC anti-
bodies detailed in Table e1. Additionally, caspase-1 activ-
ity was detected using the FAM FLICA caspase-1 kit fol-
lowing the manufacturer’s protocol (Bio-Rad Laboratories, 
Inc.). Cells were acquired using BD FACS-Calibur flow 
cytometer (Becton–Dickinson Biosciences), and data were 
analyzed using FlowJo vX.0.7 software (FlowJo). Gating 
schemes are showed at Fig. e1. Supernatants were stored 
at − 80 °C until analysis by ELISA (IL-18, GSDMD and 
TF) according to manufactures’ instructions as available 
in Table e2 or BD Human Inflammatory Cytokine CBA kit 
(IL-1β), as previously described.

Erythrocyte Lysate Stimulation Models

Monocytes from healthy volunteers were obtained as 
previously described. 0.5 ×  106 monocytes per well were 
cultured in M6 plates. First, cells were pre-treated or not 
with 5  µM MCC-950 (INH-MCC, IbianTechnologies 
S.L., Spain) for 1 h. Then, without washing the inhibi-
tor, cells were stimulated with various concentrations 
(0%, 10%, 20%, 50%) of their own erythrocyte lysate 
for 16 h. To prepare the erythrocyte lysate, the erythro-
cytes from each healthy volunteer were obtained from the 
lower phase after Ficoll-Paque Plus centrifugation. Then 
erythrocytes were treated with 1:1  H2O and submitted to 
5 freeze–thaw cycles. Cells were incubated at 37 °C and 
5%  CO2 for 16 h and then both monocytes and superna-
tants were collected for further analysis. Monocytes were 
washed two times with PBS and then treated following a 
standard protocol using the Transcription Factor Buffer 
Set (Becton–Dickinson Biosciences). Cells were labeled 
(30 min, 4 °C) with the anti-CD14, anti-NLRP3, and anti-
ASC antibodies detailed antibodies detailed in Table e1. 
Additionally, caspase-1 activity was detected using the 
FAM FLICA caspase-1 kit following the manufacturer’s 
protocol (Bio-Rad Laboratories, Inc.). Cells were acquired 
using BD FACS-Calibur flow cytometer (Becton–Dickin-
son Biosciences), and data were analyzed using FlowJo 
vX.0.7 software (FlowJo). Gating schemes are showed at 
Fig. e1. Supernatants were stored at − 80 °C until analysis 
by ELISA (IL-18, GSDMD and TF) according to manufac-
tures’ instructions as available in Table e2 or BD Human 

Inflammatory Cytokine CBA kit (IL-1β), as previously 
described.

Statistical Analyses

Data are presented as mean ± standard error mean (SEM) 
unled otherwise stated. Data distribution was assessed 
using Anderson–Darling and D’Agostino-Pearson tests for 
normal distribution. Comparisons between the NC subjects’ 
and aSAH patients’ groups were performed using nonpara-
metric Mann–Whitney 2-tailed test. Comparisons among 
aSAH patients at different time points were performed by 
one-way ANOVA (analysis of variance) with Bonferroni’s 
correction for multiple comparisons. The analysis of TF lev-
els association with outcomes was performed by two-way 
ANOVA with Bonferroni’s correction for multiple compari-
son or unpaired t-test. For the in vitro and ex vivo studies, 
we employed two-way ANOVA with Bonferroni’s correction 
for multiple comparisons. Correlations were assessed with 
Spearman’s test. P < 0.05 was considered significant.

Results

Characteristics of the Study Subjects

aSAH patients (n = 28) and normal controls (NC) were 
homogeneous in sex (71% and 76% females, respectively) 
and age (56 ± 12 vs 55 ± 14 years, respectively). Detailed 
clinical characteristics of patients with aSAH are shown in 
Table 1. Regarding complications frequencies, nine patients 
(32.1%) developed cerebral vasospasm and, 14 (50%) acute 
and 13 (46.4%) chronic hydrocephalus. Moreover, six 
patients presented TCM (21.4%) and four patients (14.2%) 
died in the 90-day follow-up period.

Patients with aSAH Exhibit NLRP3 Inflammasome 
Activation

As a first approach, we analyzed inflammasome component 
expression by flow cytometry in monocytes from patients 
with aSAH and NC. Our data reveal a significant increase 
in NLRP3, ASC, and active CASP1 intracellular expres-
sion in monocytes from patients with aSAH compared with 
NC (Fig. 1A−C, Fig. e2A). To further corroborate these 
findings, we analyzed inflammasome components by west-
ern blot in monocytes’ lysates. Similarly, we found higher 
expression of both NLRP3 and active CASP1, (Fig. 1D−F). 
In addition, serum of aSAH patients exhibited higher levels 
of the inflammasome end-products: IL-1β, IL-18, GSDMD, 
and TF (Fig. 1G−J, Fig. e2B−E). Notably, the mRNA lev-
els of both components and products of the inflammasome 
were also upregulated in patients with aSAH (Fig. e2F). 
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Altogether, these data suggest an over-activity of inflamma-
some complex in aSAH monocytes.

Tissue Factor Serum Concentration Increases 
with aSAH Severity

We then explored the potential implication of inflamma-
some activation in aSAH severity. To do so, we assessed 
the correlation of inflammasome serum soluble products 
(IL-1β, IL-18, GSDMD, and TF) with clinical severity 
scales. Our data showed that TF serum levels positively 
correlated with severity and prognostic scales such as 
Acute Physiology and Chronic Health Disease Classifica-
tion System II (Apache II), and World Federation of Neu-
rological Surgeons (WFNS) scores (Fig. 2A−B). Further-
more, TF serum levels inversely correlated with Glasgow 
Coma Scale (GCS) score (Fig. 2C). In fact, TF negatively 
correlates with each one of the three GCS score compo-
nents: eyes (GCS-E), verbal (GCS-V), and motor (GCS-M) 
scores (Fig. 2D). Moreover, TF serum levels positively 
correlated with severity scale Sequential Organ Failure 
Assessment (SOFA) either measured at day 1, day 2–5, 
or day 7–10. Meanwhile IL-1β, IL-18, and GSDMD do 
not show significant correlations with the scales explored 

(Table e4). These findings suggested the importance of TF 
in aSAH pathophysiology and prompted us to explore the 
possible role of TF as a biomarker for aSAH complications 
and prognosis.

Serum Tissue Factor Correlated with aSAH 
Functional Outcome

To accurately assess TF implication in aSAH prognosis, 
we recorded patient functional outcome 6-month after ICU 
discharge by Glasgow Outcome Scale-Extended (GOS-E). 
Strikingly, TF serum levels over time were significantly dif-
ferent between the good outcome group (GOS-E = 8) and 
poor outcome (GOS-E < 8) group. In this line, we explored 
TF serum levels in patients with and without frequent aSAH 
complications such as cerebral CVS, acute and chronic 
hydrocephalus, delayed neurological injury, and TCM. Our 
data revealed that TF serum concentrations at the admission 
day were higher in patients who developed CVS or TCM, 
while no differences were found for the other complications 
assessed (acute and chronic hydrocephalus and delayed neu-
rological injury) (Fig. 3A−E). Interestingly, TF positively 
correlated with D-dimer and troponin levels (Fig. e3A and 
B), which have been previously suggested as indicators of 
CVS and TCM risk respectively [35, 36]. Although more 
evidence is needed to confirm TF role as a prognostic bio-
marker for aSAH complications, this data sow the seeds for 
further investigations in this context.

MCC‑950 Reduces Inflammasome‑Mediated Tissue 
Factor‑Release

We further evaluated the potential role of NLRP3 inflam-
masome activation in TF release to extracellular space in 
aSAH patients. First, we assessed the correlation between TF 
serum levels and NLRP3 expression in monocytes. Our data 
show that TF serum levels increased along NLRP3 expres-
sion in monocytes suggesting a possible role of inflammas-
ome in increased TF serum levels observed in aSAH patients 
(Fig. e3C). To corroborate, we treated aSAH and NC mono-
cytes with the NLRP3 inhibitor MCC-950 (Fig. 4A). Our 
data showed that MCC-950 treatment effectively reduced 
NLRP3 and ASC protein expression and CASP1 activation 
in aSAH monocytes (Fig. 4B−D). Furthermore, the super-
natant protein analysis reveal that IL-1β, IL-18, GSDMD, 
and TF significantly decreased after MCC-950 treatment 
(Fig. 4E−H). This data indicates NLRP3 inflammasome 
activation could underlie TF overexpression in aSAH serum, 
highlighting NLRP3 inflammasome inhibitors as a potential 
therapy for aSAH and its related complications such as CVS 
and TCM.

Table 1  Demographics, medical history, admission data, and prog-
nostic scales of patients with aneurismal subarachnoid hemorrhage

IQR, interquartile range; WFNS, World Federation of Neurosurgical 
Societies. Data are presented as n (%), mean ± standard deviation or 
median (interquartile range) according their type and distribution

Baseline characteristics n = 28

Age (years) 56 ± 12
Women 20 (71%)
Race:

  White 24 (86%)
  Asian 2 (7%)
  Black 1 (4%)
  Hispanic 1 (4%)

Prognostic scales:
  APACHE II 11.1 ± 8.3
  SOFA 5 ± 3.8
  WFNS 2 (IQR 1–4)
  Glasgow Coma Scale 11.7 ± 4.2
    Eyes 2.9 ± 1
    Verbal 3.8 ± 1.5
    Motor 5.3 ± 1.5

Complications
  Cerebral vasospasm (CVS) 9 (32.1%)
  Acute hydrocephalus, 14 (50%)
  Chronic hydrocephalus, 13 (46.4%)
  Delayed neurological injury 6 (21.4%)
  Tako-Tsubo cardiomyopathy (TCM) 6 (21.4%)
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Erythrocyte Lysate Activates NLRP3 Inflammasome 
in Monocytes

Finally, we explored the possible mechanisms underlying 
inflammasome activation in aSAH patients. Erythrocyte 
lysis and release of soluble factors into the subarachnoid 
space have been suspected to be potential drivers of neuro-
logical damage during aSAH [37, 38]. Nonetheless, these 
soluble factors resulting from hemolysis could cross the 
blood–brain barrier [39], which might promote NLRP3 
activation in circulating monocytes. Indeed, the oxidized 
hemoglobin (OxyHb) has been recently reported to activate 
the NLRP3 inflammasome [40]. Therefore, we evaluated 
the potential effect of erythrolysis occurring after the aSAH 
event in terms of triggering NLRP3 inflammasome activa-
tion using in vitro models. Briefly, we stimulated monocytes 
from healthy volunteers with various concentrations of the 
corresponding autologous erythrocyte lysate in the presence 
or absence of MCC-950 (Fig. 5A). We found that NLRP3, 
ASC, and active-CASP-1 levels increased after erythrocyte 
lysate stimulation (Fig. 5B−D). Similarly, a supernatant 
analysis showed that erythrocyte lysate stimulation induced 

the release of IL-1β, IL-18, GSDMD, and TF in a dose-
dependent manner (Fig. 5E−H). Interestingly, these effects 
were suppressed when cells were concomitantly treated with 
MCC-950 (Fig. 2B−H). These data show that erythrocyte 
lysate effectively activates the NLRP3 inflammasome.

Discussion

Aneurysmal subarachnoid hemorrhage (aSAH) is an 
uncommon and severe subtype of stroke leading to the 
acute inflammation and secondary delayed inflammatory 
responses inducing morbidity and mortality. The critical 
role of inflammatory states as the regulator of a plethora of 
diseases is widely recognized, emerging as a promising area 
of research for potential therapeutics. Thereby, the inflam-
matory mechanisms must be better understood in order to 
efficiently manage unregulated inflammation, improving 
patient outcomes following aSAH and favoring the pro-
gress for clinical translation [41]. In the current study, we 
provide evidence of inflammasome overactivation in aSAH 
patients, launching pyroptosis and leading to the release 

Fig. 1  NLRP3 inflamma-
some activation is increased 
in patients with aSAH. A–C, 
NLRP3 (A), ASC (B), and 
active CASP1 (C) expres-
sion in monocytes from NC 
(n = 14) and patients with aSAH 
(n = 28) determined by flow 
cytometry. D–F, Representative 
western blot (D), quantification 
for NLRP3 (E), and active-
CASP1 (F) in monocytes from 
CS (n = 3) and patients with 
aSAH (n = 6). G–H, IL-1β 
(G), IL-18 (H) determined 
by CBA and enzyme-linked 
immunosorbent assay (ELISA) 
respectively in serum from 
CS (n = 14) and patients with 
aSAH (n = 28). I–J, GSDMD 
(I) and TF (J) protein concen-
tration determined enzyme-
linked immunosorbent assay 
(ELISA) in serum from CS 
(n = 14) and patients with aSAH 
(n = 28). Comparisons between 
groups were performed by 
unpaired t test. Mean ± SEM is 
shown. *P < 0.05, **P < 0.01, 
****P < 0.0001
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of proinflammatory cytokines and TF. In fact, TF levels 
were associated with clinical outcome after aSAH and were 
higher in patients who develop CVS and TCM, suggesting 
a potential role of TF as a biomarker. In this context, we 
demonstrated that MCC-950 NLRP3-inhibitor effectively 
blocks inflammatory cytokines and TF release from mono-
cytes, highlighting emerging inflammasome inhibitors as 
a potential therapy for aSAH. In this line, we also identi-
fied erythrolysis occurring after aSAH event as the possible 
mechanism underlying NLRP3 activation (Fig. 6).

Although the NLRP3 inflammasome is the master regula-
tor of sterile inflammation [42], it has been also related with 
coagulation and thrombosis [43, 44]. Interestingly, NLRP3-
dependent TF-release has been associated with several car-
diovascular diseases including hypertension, ischemic car-
diomyopathy, atherosclerosis, acute myocardial infarction, 
and acute coronary syndromes [45–47]. Indeed, we have 
found a relation between TF serum levels at admission and 
aSAH disease severity using the standard clinical scores. 
More importantly, our study indicated that serum TF might 
also have a potential predictive value not only for CVS but 
also for TCM and overall clinical outcome. In agreement, 
cerebrospinal fluid (CSF) membrane-bound TF has been pre-
viously suggested as indicator of tissue injury and predictor 

of CVS after subarachnoid hemorrhage [29, 31, 32]. Even 
more, serum is a much more accessible biological fluid than 
CSF is, rising TF value as a prognosis biomarker. Neverthe-
less, our TF serum data are not associated with other local 
aSAH complications. In contrast, recent study reported that 
NLRP3 activity is increased in patients with delayed neu-
rological injury or hydrocephalus by elevated caspase 1 in 
CSF [31]. This discrepancy might be due to the differences 
in biological samples. On the other side, TF serum levels at 
admission day are associated with TCM in aSAH patients. 
However, from our data, we cannot elucidate a causal rela-
tionship between TF levels and TCM since this complication 
appears early in the beginning of SAH course. These results 
entail that aSAH patients present a systemic rather than local 
inflammation.

Collectively, our data indicate the systemic inflamma-
tion is regulated by NLRP3 inflammasome, as the IL-1β 
and IL-18 inflammatory cytokines are increased in serum 
from patients. Large evidence has focused in local inflam-
mation in aSAH events either in patients and animal models; 
however, few studies explore the systemic inflammation. In 
this line, a recent systematic review highlighted the need 
for investigations that explore the systemic inflammatory 
response to contribute to the identification of biomarkers 

Fig. 2  Tissue factor serum lev-
els correlated with aSAH sever-
ity. A–D Correlation between 
TF protein concentration 
determined by ELISA in serum 
from aSAH patients and Acute 
Physiology and Chronic Health 
Disease Classification System II 
(Apache II) score (n = 28) (A), 
World Federation of Neuro-
logical Surgeons (WFNS) score 
(n = 28) (B), Glasgow coma 
scale (GCS) score (n = 28) (C), 
and its components GCS-eye 
score (GCS-E, left panel), 
GCS-verbal score (GCS-V 
middle panel) and GCS-motor 
score (GCS-M, right panel) 
(D). E–G Sequential Organ 
Failure Assessment (SOFA) 
score at day 1 (n = 28) (E), 
day 2–5 (n = 24), (F) and day 
7–10 (n = 21) (G). Spearman’s 
correlation coefficients (ρ) and 
P-values are shown
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related to patient outcomes and recovery over time. So far, 
the inflammation state is well accepted to play a pro-coagu-
lation role in different diseases [48]. In this sense, our results 
suggest NLRP3 might induce the coagulation activity by the 
release of TF. These evidences are in line with our proposal 
about the NLRP3 inflammasome activation, which might 
contribute to enhance the TF circulating levels increasing 
the coagulation activity rising the CVS after SAH event.

In particular, TF data exhibited an association with poor 
prognosis at the different time points during hospital stay. 
However, the inflammatory markers were not associated 
with the clinical outcomes at any time point. Indeed, there 
is no change in TF or inflammatory cytokine levels over 
the time; although there was a slight decrease in NLRP3 
expressing monocytes without reaching statistical sig-
nificance. Beyond its potential role as clinical biomarker, 
NLRP3-dependent TF release might be determinant in 
aSAH pathophysiology. In this line, we demonstrated that 
NLRP3 inhibition with MCC-950 effectively suppresses TF 

release from aSAH monocytes, supporting the role of emerg-
ing NLRP3 inhibitors (NLRP3i) in aSAH treatment. Indeed, 
targeting NLRP3 has already been explored in SAH animal 
models. For instance, MCC-950 attenuated early brain injury 
and cerebral vasospasm after experimental SAH in animal 
models [49, 50]. Besides, a plethora of other molecules of 
uneven origin rather than NLRP3i, such as melatonin [10, 
11], resolvin D1 [12], the HSP90 inhibitor 17-AAG [13], 
the saponin dioscin [14], also plant-derived antioxidants 
such as resveratrol, pterostilbene, and luteolin [15–17], cas-
pase inhibitors [30, 51, 52], and commercialized drugs from 
ansiolitics [18–20] to antibiotics [21], have demonstrated to 
alleviate neurological deficits and improve neurobehavioral 
outcomes in SAH animal models by targeting, from diverse 
pathways, NLRP3 inflammasome axis.

There is large evidence showing that NLRP3 inflam-
masome is essential in response to a sterile inflammatory 
reaction to DAMPs [25, 53]. Interestingly, aSAH patho-
physiology has been associated with oxidative stress and 
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Fig. 3  Tissue factor is related with aSAH clinical outcome and CVS 
and TCM development. A Tissue factor serum levels over time in 
patients with aSAH that develop poor outcome (Glasgow Outcome 
Scale Extended (GOS-E) < 8 at 6  months post –ICU discharge, red 
line, n = 13) or good outcome (GOS-E = 8 at 6  months post –ICU 
discharge, blue line, n = 15). Comparisons between groups were 
performed by unpaired two-way ANOVA with Bonferroni’s mul-
tiple comparison. Mean ± SEM is shown. *P < 0.05. B TF protein 
concentration determined by ELISA in serum from aSAH patients 
with (YES, n = 19) or without (NO, n = 9) vasospasm. C TF protein 

concentration determined by ELISA in serum from aSAH patients 
with (YES, n = 14) or without (NO, n = 14) acute hydrocephalus. 
D TF protein concentration determined by ELISA in serum from 
aSAH patients with (YES, n = 15) or without (NO, n = 13) chronic 
hydrocephalus. E TF protein concentration determined by ELISA in 
serum from aSAH patients with (YES, n = 23) or without (NO, n = 5) 
delayed neurological injury. F TF protein concentration determined 
by ELISA in serum from aSAH patients with (YES, n = 22) or with-
out (NO, n = 6) Tako-Tsubo. Comparisons between groups were per-
formed by unpaired t test. Mean ± SEM is shown. *P < 0.05
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cell apoptosis, both processes related with massive DAMPs 
release [52, 54]. So far, recent data mentioned that, after 
aSAH event, the red blood cells are degraded in the suba-
rachnoid space promoting oxidative stress and activating 
inflammatory cascades [55, 56], increasing the inflamma-
tory cytokines [41, 57, 58]. Here, we propose that eryth-
rolysis could be the triggering factor underlying NLRP3 
activation in aSAH monocytes using an in vitro model. In 
agreement, erythrolysis has been related with brain injury 
and neuroinflammation after intracerebral hemorrhage [11, 
59]. Although OxyHb could be responsible for the initiation 
of inflammasome activation in aSAH [40], the erythrocyte 
lysate contains numerous substances other than OxyHb, 
and there are other diverse mechanisms that could activate 
NLRP3 inflammasome. For instance, the lysosomal mem-
brane may be damaged after SAH, leading to the release of 
cathepsin B/D which induces inflammasome activation and 
apoptosis [60, 61]. In addition,  Ca2+ ions from lysosomal 
rupture could also regulate NLRP3 inflammasome activation 
in SAH through the TGFbeta Activated Kinase 1/Jun N-ter-
minal kinase (TAK1/JNK) pathway [62–64]; also, NEK7 
an essential mediator of NLRP3 activation downstream of 
potassium efflux [65] has been reported to be implicated in 
neuroinflammation after SAH in mice [66]. Besides, extra-
cellular accumulation of adenosine triphosphate (ATP) 
may also activate the NLRP3 inflammasome axis inducing 

neuroinflammation after SAH [67]. In fact, P2X7R blockade 
has been shown to prevent neuroinflammation after intrac-
erebral hemorrhage in rats [68, 69].

Nevertheless, our study has several limitations, which we 
recognize. First, this is a unicenter study including a limited 
cohort so a validation cohort is needed to further confirm 
these results. Second, although our study demonstrates an 
effect of erythrolysis in NLRP3 inflammasome activation, 
it does not provide information about the identification 
and characterization or erythrocyte lysate. Third, while the 
monocytes are the main TF producers, it is predictable that 
other cell groups also contribute to its serum levels. Fourth, 
in this observational study, patients were treated according 
to conventional clinical practice depending on disease pro-
gression and complications so the non-randomization does 
not allow us to infer the effect of aSAH treatment on NLRP3 
inflammasome activity or the progression of complications.

In summary, this study supports overactivation of 
NLRP3 inflammasome in human samples, opening a 
range of possibilities both in the prognosis and therapeu-
tic management of this disease. Our data may reveal that 
NLRP3 inflammasome activation in aSAH is systemic 
rather than local, resulting in high levels of proinflam-
matory cytokines and procoagulatory TF in plasma of 
patients with aSAH. Moreover, although further research 
is needed, we observed that TF serum concentration might 

Fig. 4  MCC-950 effectively blocks NLRP3 inflammasome activation 
in aSAH monocytes. A Schematic representation of ex vivo experi-
ments. B–D NLRP3 (B), ASC (C), and active CASP1 (C), expression 
in monocytes from CS (n = 4) and patients with aSAH (n = 5) deter-
mined by flow cytometry. E–H IL-1β (E), IL-18 (F), GSDMD (G), 

and TF (H) protein concentration determined by CBA or ELISA in 
supernatants from CS (n = 4) and patients with aSAH (n = 5) treated 
or not with MCC-950. Comparisons between groups were per-
formed by two-way ANOVA with Bonferroni’s multiple comparison. 
Mean ± SEM is shown. *P < 0.05, **P < 0.01, ****P < 0.0001
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Fig. 5  Erythrocyte lysate activates NLRP3 inflammasome. A Sche-
matic representation of ex vivo experiments. B–D NLRP3, (B), ASC 
(C), and active CASP1 (C), expression in monocytes from CS (n = 4) 
and patients with aSAH (n = 5) determined by flow cytometry. E–H 
IL-1β (E), IL-18 (F), GSDMD (G), and TF (H) protein concentra-
tion determined by CBA or ELISA in supernatants from healthy vol-
unteers (n = 6) stimulated with various concentrations of erythrocyte 

lysate under control conditions (Ctrl, red lines) or with MCC-950 
treatment (+ MCC, orange lines). Comparisons between groups were 
performed by two-way ANOVA with Bonferroni’s multiple com-
parison. Mean ± SEM is shown. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 versus Ctrl, 0% erythrocyte lysate group. #P < 0.05, 
##P < 0.01, ###P < 0.001, ####P < 0.0001 versus its paired erythrocyte 
lysate group treated with MCC-950

Fig. 6  Schematic representation of main conclusions. aSAH is a dev-
astating pathology with numerous complications that compromise 
patient clinical outcome. We propose that erythrolysis occurring after 
aSAH event promotes NLRP3 activation, which leads to the matura-
tion and release of pro-inflammatory cytokines and also to pyropto-
sis-mediated TF release. TF levels were associated with a SAH sever-

ity and with clinical outcome after aSAH and were higher in patients 
who develop CVS and TCM, suggesting a potential role of TF as a 
prognosis biomarker. In this context, we demonstrated that MCC-950 
NLRP3-inhibitor effectively blocks TF release from monocytes, high-
lighting emerging inflammasome inhibitors as a potential therapy for 
aSAH
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be a useful biomarker not only for potentially predicting 
aSAH clinical outcome, but also for CVS and TCM prog-
nosis. The standardization of TF detection could bring 
an accessible tool for aSAH patient classification, con-
tributing to the field of personalized medicine. However, 
further studies are needed to elucidate the role of TF as 
a prognostic biomarker. Finally, our findings suggested 
erythrocyte breakdown products as a triggering factor of 
NLRP3 activation.
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