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Abstract—Angiotensin II (Ang-II) is a widely studied hypertensive, profibrotic, and pro-
inflammatory peptide. In the heart, cardiac fibroblasts (CF) express type 1 angiotensin II 
receptors (AT1R), Toll-like receptor-4 (TLR4), and the NLRP3 inflammasome complex, 
which play important roles in pro-inflammatory processes. When activated, the NLRP3 
inflammasome triggers proteolytic cleavage of pro-IL-1, resulting in its activation. However, 
in CF the mechanism by which Ang-II assembles and activates the NLRP3 inflammasome 
remains not fully known. To elucidate this important point, we stimulated TLR4 recep-
tors in CF and evaluated the signaling pathways by which Ang-II triggers the assembly 
and activity. In cultured rat CF, pro-IL-1β levels, NLRP3, ASC, and caspase-1 expression 
levels were determined by Western blot. NLRP3 inflammasome complex assembly was 
analyzed by immunocytochemistry, whereas by ELISA, we analyzed NLRP3 inflamma-
some activity and IL − 1� release. In CF, Ang-II triggered NLRP3 inflammasome assembly 
and caspase-1 activity; and in LPS-pretreated CF, Ang-II also triggered IL − 1� secretion. 
These effects were blocked by losartan (AT1R antagonist), U73221 (PLC inhibitor), 2-APB 
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(IP3R antagonist), and BAPTA-AM  (Ca2+ chelator) indicating that the AT1R/PLC/IP3R/
Ca2+ pathway is involved. Finally, bafilomycin A1 prevented Ang-II-induced IL − 1� secre-
tion, indicating that a non-classical protein secretion mechanism is involved. These findings 
suggest that in CF, Ang-II by a  Ca2+-dependent mechanism triggers NLRP3 inflammasome 
assembly and activation leading to IL − 1� secretion through a non-conventional protein 
secretion mechanism.
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INTRODUCTION

Angiotensin II (Ang-II) is an octapeptide that physi-
ologically regulates blood pressure and is a strong car-
diac remodeling inductor [1]. Accumulating evidence 
reveals that Ang-II triggers cardiac inflammation, lead-
ing to an imbalance between pro-inflammatory and anti-
inflammatory cytokine secretion [2, 3]. Ang-II-induced 
inflammation has been reported to increase endothelial 
dysfunction, vascular permeability, and the expression of 
adhesion molecules that ultimately promote inflammatory 
cell recruitment and its infiltration into tissues [4]. In addi-
tion Gan et al. [5] reported that male mice B6/129S treated 
with Ang-II mini-osmotic pumps after 7 days developed 
cardiac fibrosis dependent on activation of the NLRP3 
inflammasome, which was attenuated with EMD638683 (a 
highly selective SGK1 inhibitor) by inhibiting the NLRP3 
inflammasome/IL-1β secretion axis [5].

Several studies have shown that during cardiac 
damage, there is the secretion of interleukin-1beta (IL- 
1β), a pro-inflammatory cytokine that is synthesized by 
resident heart cells, including cardiac fibroblast (CF), 
through the NLRP3 inflammasome complex [6, 7]. At the 
cellular level, IL − 1� exhibits differential growth regula-
tion in cardiac cells, inducing cardiomyocyte hypertrophy 
and repressing CF proliferation [8], while preclinical and 
clinical findings support the key pathogenetic role of the 
IL-1 cytokines and the NLRP3 inflammasome in the for-
mation, progression, and complications of atherosclerosis 
and in ischemic (acute myocardial infarction) and non-
ischemic injury to the myocardium (myocarditis) and the 
progression to heart failure [9]. The ability of the NLRP3 
inflammasome complex to produce pro-inflammatory 
cytokines (IL-1β and IL-18) in resident cardiac cells and 
in infiltrating cells has been recognized as a major cause of 
cardiac inflammation and tissue remodeling, also resulting 
in the progression of cardiac fibrosis [10, 11]. The NLRP3 
inflammasome is a multiprotein complex involved in the 
innate immune system that acts as an intracellular sensor. 

It mediates caspase-1 activation and production of pro- 
inflammatory cytokines in response to pathogen-associated 
molecular patterns (PAMPs) or damage-associated molec-
ular patterns (DAMPs). The NLRP3 inflammasome is 
composed of NLRP3 (intracellular PRR receptor), ASC 
(apoptosis-associated speck-like protein, the adaptor), 
and the protease caspase-1. Inflammasome activation is a 
two-signal process—first, the priming or signal 1 and the 
activation or signal 2—the former is provided by PAMPs, 
DAMPs, or cytokine stimuli with the main purpose of 
upregulating the expression of NLRP3, ASC, caspase-1, 
and pro-IL-1β; and the latter occurs through a wide variety 
of PRR activators (PAMPs or DAMPS, adenosine triphos-
phate (ATP), cholesterol, sodium monourate (MSU), and 
asbestos) that activate multiple upstream signaling events, 
for example, an increase of cytosolic Ca2+ flux from the 
endoplasmic reticulum, K+ efflux, intracellular increases 
of ROS, lysosomal destabilization, or a decrease in intra-
cellular levels of cyclic AMP, among others. Upon the 
stimuli, NLRP3 oligomerizes and then recruits ASC and 
the pro-caspase-1 into a complex. This promotes the trans-
formation of pro-caspase-1 into caspase-1, which in turn 
cleaves the pro-forms of cytokines and the secretion of 
mature IL-1β and IL-18 into extracellular media [12, 13].

CF can detect external signals and trigger an inflam-
matory response, so they have been termed “sentinel 
cells” [14]. CF express type 1 Ang-II receptors (AT1R), 
which are coupled to PLC-IP3R signaling pathways 
increasing the cytosolic Ca2+ concentration and acti-
vating NADPH producing an increase in ROS [15, 16]. 
PAMPs or DAMPs can also activate the inflammatory 
response in CF [17–20], and these signals are recognized 
by molecular pattern recognition receptors (PRR) such as 
NLRP3. The activation of these receptors in CF is asso-
ciated with the production of inflammatory cytokines 
and chemokines, which can have a direct impact on 
neighboring or immune cells [18, 19, 21]. Bracey et al. 
[22] reported the upregulation of NLRP3 protein levels 
in human CF after 24 h of stimulation with Ang-II; but 
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Ang-II alone was not able to induce an increase in the 
IL-1β secretion [22].

Despite all this information, the mechanism by 
which Ang-II could act as an inductor of signal 2 to acti-
vate the NLRP3 inflammasome on CF remains not fully 
known. Thus, we hypothesized that Ang-II through AT1R 
activation and by a Ca2+ signaling-dependent pathway 
could trigger NLRP3 inflammasome assembly and IL-1β 
release in a previously primed CF.

MATERIALS AND METHODS

Materials
Sterile cell culture plastics were purchased from 

Costar® (NJ, USA). The following reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA): 
trypan blue, trypsin/EDTA, molecular mass standard, 
ultrapure LPS, angiotensin II, 2-APB, AC-YVAD-CMK, 
and bafilomycin A1. Fetal bovine serum (FBS) was pur-
chased from GIBCO BRL (Carlsbad, CA, USA). All 
organic and inorganic compounds were purchased from 
Merck (Darmstadt, Germany). The chemiluminescence 
enhancement reagent (ECL) was purchased from Perkin 
Elmer Life Sciences, Inc. (Boston, MA, USA). The pri-
mary antibodies for NLRP3, the secondary anti-goat anti-
bodies, and the NLRP3 blocking peptide were purchased 
from Santa Cruz Biotechnology (CA, USA), and the 
IL-1β antibody was from Merck Millipore (MA, USA). 
Anti-rabbit and anti-mouse secondary antibodies, in addi-
tion to the primary antibody for tubulin, were purchased 
from Calbiochem (Darmstadt, Germany). The ELISA kit 
for rat IL-1β was purchased from R & D Systems (MN, 
USA). ATP, losartan, U73122, and the caspase-1 activity 
kit (fluorometric) were purchased from ABCAM (Cam-
bridge, UK). The LDH cytotoxicity kit Pierce™, NLRP3 
Select Silencer®, and brefeldin A were requested from 
Thermo Fisher Scientific (MA, USA). BAPTA-AM and 
ac-YVAD-cmk were purchased from Cayman Chemical 
(MI, USA).

Cell Culture

The cells used were primary cultures of neo-
natal CF brought to confluence. These cell cultures 
were isolated from the hearts of neonatal rats using 
the protocol described by Vivar et al. [16]. The cells 
were seeded in culture plates with DMEM-F12 + FBS 

(10%); after 4 h, they were washed and deprived with 
DMEM-F-12 until the next day. The Bioethics Com-
mittee of the Faculty of Chemical and Pharmaceuti-
cal Sciences of the University of Chile with the code 
CBE2012-20 approved the management and care of 
laboratory animals.

Stimuli

The signal 1 stimulus of the inflammasome was 
performed with ultrapure lipopolysaccharide (LPS: 
1 μg/mL) dissolved in bi-distilled water. The stimulus 
time was from 0 to 72 h depending on the experiment. 
The stimuli for signal 2 of the inflammasome cor-
responded to ATP (3 mM) and Ang-II (1 μM). These 
substances were added after 8 h of LPS stimulation, 
without medium washing, and samples were obtained 
between 1 and 16 h after the initiation of this second 
stimulus (Fig. 1A). Antagonists or inhibitors: losartan 
(10 μM), U73122 (1 μM), 2-APB (10 μM), ac-YVAD-
cmk (10 μM) brefeldin A (100 nM), and bafilomycin A1 
(1 nM) were used 1 h after LPS and 1 h before stimula-
tion with Ang-II 16 h. BAPTA-AM (10 μM) was added 
1 h before stimulation with Ang-II 4 h. All the stimuli, 
antagonists, and water-soluble inhibitors were dissolved 
in water, and the rest were dissolved in DMSO, reach-
ing a maximum concentration of 1% DMSO in the cell 
culture media.

Western Blot

The western blots were performed on the cell 
lysates or from the precipitation of the supernatant pro-
teins of the treated cells. The protocol used was described 
before by Boza et al. [17], and then the following antibod-
ies were added: IL-1β (1: 1000 for cell lysate).

Immunocytochemistry

The immunocytochemistry images were obtained 
with confocal microscopy. CF were seeded on glass 
coverslips. At the end of the experimental period, the 
cells were washed with PBS and fixed for 20 min with 
4% paraformaldehyde. They were then washed and per-
meabilized with 0.1% Triton x-100 for 10 min. Subse-
quently, they were washed with PBS and blocked with 
3% BSA for 1 h. After blocking, they were rewashed 
and incubated with primary antibodies for NLRP3 
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(1:50) and ASC (1:50) in BSA overnight. In the next 
day, the cells were washed, and the Alexa Fluor® anti-
goat and anti-rabbit (1: 400) secondary antibodies, 
in addition to Hoechst (1: 100) for nuclear labeling, 
were added for 2 h. Finally, the coverslips were again 
washed and placed on a slide with DAKO until dry. 
The images were captured by confocal microscopy 
(Zeiss, model LSM 700) in 10 × and 40 × magnifica-
tion. Fourteen cross-sections were made from the base 
to the apex of the cell to perform the z-stack and later 
the 3D reconstruction.

ELISA

Rat IL-1β ELISA (R & D Systems) was performed 
in conditioned cell culture media. These media were 
centrifuged at 2000 rpm for 5 min after collection. The 
methodology of the kit instructions was followed, with-
out diluting the samples. The experiments were per-
formed with fresh culture media on the same day or 
collected the day before the end of each stimulus. The 
results were expressed in pg IL-1β/mL and normalized 
against the total amount of cellular proteins, expressed 

Fig. 1  Ang-II increases NLRP3 and ASC colocalization. A Protocol of experimental design. Representative diagram of the experimental groups in 
the biological assays. CF were stimulated with LPS (1 μg/mL) for 24 h alone or with Ang-II (1 μM) for the last 16 h. Cells were fixed, and immuno-
cytochemistry was performed. B Representative immunocytochemistry images of NLRP3 (green), ASC (red), and nucleus (blue). C Quantification 
of the percentage of cells that colocalize NLRP3 and ASC in perinuclear/nuclear zone. The values are the means ± SEM ***p < 0.001 vs control, 
###p < 0.001 vs LPS 8 h. n = 4 independent experiments. D 3D reconstruction of the images obtained with stimulation of LPS 8 h + Ang-II 16 h with 
ASC and NLRP3 separately.
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in pg IL-1β/μg of protein. The total protein concentra-
tion of the lysates was quantified using the Bradford 
method.

Caspase‑1 Activity

Caspase-1 activity was determined using a com-
mercial kit (Abcam). For this, cells were stimulated 
with LPS (8 h) + ATP (16 h) or LPS (8 h) + Ang II 
(16 h) and their respective controls. At the end of 
the experimental period, the analysis was performed 
according to the manufacturer’s instructions. Active 
caspase-1 (intracellular) recognizes and cleaves a 
specific amino acid sequence that fluoresces when it 
is cleaved by this active protease. The substrate cor-
responds to ac-YVAD-AFC, a tetrapeptide linked to a 
coumarin (AFC) that, when cut, emits fluorescence 
at 505 nm.

Cytotoxicity

Cytotoxicity assays were performed using a com-
mercial lactate dehydrogenase (LDH) kit (Thermo 
Fisher). The kit used LDH released during cell lysis 
of CF with lysis buffer. The percentage of cytotoxicity 
of the compounds used was calculated from the results 
obtained.

Silencing of NLRP3

NLRP3 gene silencing was performed using 
NLRP3 Select Silencer® (Thermo Fisher). The trans-
fection protocol was performed according to the manu-
facturer’s instructions. The siRNA and the scrambled 
control were used at a final concentration of 5 nM. The 
blocking peptide was co-incubated with the NLRP3 
antibody at a final concentration of 1:40.

Statistical Analysis

Data were analyzed by one-way ANOVA, with 
Dunnett’s post-test. The plotted values correspond to 
the mean values ± standard error of the mean (SEM). 
The presented data correspond to at least three inde-
pendent experiments. A statistically significant differ-
ence was considered p < 0.05.

RESULTS

Cardiac Fibroblasts Caspase‑1 Activity 
and IL‑1β Secretion

Our first aim was to determine pro-IL-1β expres-
sion levels, and to this aim, we use LPS, a recognized 
TLR4 agonist. In Supplementary Fig. 1A, the results 
show low pro-IL-1β expression levels in CF; how-
ever, LPS increased expression levels of this cytokine, 
achieving a maximum fivefold increase at 8 h and then 
decay of the signal at 24 h. Note that no changes were 
observed in the 24-h control.

Once it was established that CF express pro-IL-1β, 
it was determined whether ATP (a classic inflammasome 
activator) was able to activate caspase-1. In Supplemen-
tary Fig. 1B, the results show that ATP (16 h) and LPS 
(8 h) + ATP (16 h), giving a total time of 24 h, significantly 
increased caspase-1 activity compared to controls. How-
ever, LPS alone (24 h) was unable to increase caspase-1 
activation relative to the control.

Once ATP was found to induce caspase-1 activity, 
we wanted to determine if ATP also induced the secre-
tion of mature IL-1β. Supplementary Fig. 1C shows that 
neither LPS alone (24 h) nor ATP alone (16 h) induced 
increases in IL-1β secretion. However, when the stimuli 
(LPS 8 h + ATP 1–16 h) were combined, there was a 
time-dependent increase in IL-1β secretion that reached 
statistical significance after 16 h. It is important to note 
that although ATP alone (16 h) increased caspase-1 activ-
ity, it did not induce IL-1β secretion.

Ang‑II Assembles and Activates the NLRP3 
Inflammasome in Cardiac Fibroblasts

It is well known that when NLRP3 is activated, it 
is mobilized to the perinuclear sector where after the oli-
gomerization, it colocalizes with ASC and caspase-1 to 
generate its assembly, thus constructing the active NLRP3 
inflammasome.

To determine whether Ang-II induced NLRP3 and 
ASC protein assembly, CF were stimulated with LPS 
(8 h) + Ang-II for an additional 16 h (a total of 24 h). 
The results of the confocal microscopy (Fig.  1B–D) 
showed that under control conditions, the NLRP3 (green) 
and ASC (red) proteins were homogeneously located 
throughout the cell (the colocalization analysis of both 
proteins showed an intense yellow color in whole cell: 
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NLRP3 + ASC). However, after stimulation with only 
Ang-II (16 h) or with LPS (8 h) + Ang-II (16 h), there 
is a redistribution and increase of both proteins in the 
perinuclear/nuclear sector (the colocalization analysis 
of both proteins showed an intense yellow color in the 
perinuclear/nuclear zone: NLRP3 + ASC). Nuclear colo-
calization was confirmed by nuclear Hoechst staining (the 
colocalization analysis of both proteins showed an intense 
white color in the nuclear area: NLRP3 + ASC + Hoechst) 
(Fig. 1B). Finally, the results showed that FC stimulated 
only with LPS (24 h) did not induce colocalization of 
both proteins in the perinuclear/nuclear zone, indicating 
that LPS alone did not induce the assembly of NLRP3 
and ASC.

Furthermore, the graphical analysis showed that 
Ang-II (16 h) and LPS (8 h) + Ang-II (16 h) significantly 
increased the percentage of cells showing perinuclear/
nuclear colocalization, compared to control (Fig. 1C) and 
also compared to LPS alone (24 h).

Finally, to corroborate that Ang-II promoted the 
mobilization of NLRP3 and ASC towards the same 
intracellular sector, a 3D reconstruction was performed 
using the images obtained from 14 slices (z-stack), rang-
ing from the base of the cell to the appendix. Following 
the above, it was observed in the 3D reconstruction of a 
cell stimulated with LPS (8 h) + Ang-II (16 h) that the 
colocalization of NLRP3 and ASC in the sector where 
the nucleus is located (merge condition of NLRP3, ASC, 
and nucleus, Fig. 1D).

Additionally, it was demonstrated that the stim-
uli did not cause pyroptosis. This type of cell death 
is induced by the activation of the inflammasome and  
caspase-1. For this, the activity of lactate dehydrogenase 
(LDH) was quantified. The results showed that none of  
the stimuli used generated cytotoxicity, and consequently, 
the cells did not experience pyroptosis (Supplementary 
Fig. 2).

Ang‑II Activates Caspase‑1 Activity 
and the Secretion of IL‑1β

To define the participation of NLRP3 in Ang-
II effects in CF, NLRP3 was silenced using a specific 
siRNA. To verify if the siRNA decreased NLRP3 expres-
sion in CF, the total cellular fluorescence was quantified 
from images by confocal microscopy. The results showed 
that in CF, the NLRP3 siRNA decreased NLRP3 expres-
sion in comparison to the control (untreated cells) and 
scrambled siRNA (Fig. 2A, B) by ~ 70%. In addition, the 

blocking peptide of NLRP3 was used as a positive control 
of the technique. This peptide, specific for the antibody 
used, was able to decrease the fluorescence by ~ 80% 
in comparison to the control. No statistical differences 
were observed between the use of siRNA and the NLRP3 
blocking peptide (Fig. 2A, B).

To establish whether Ang-II produced an increase 
in caspase-1 activity, CF were stimulated with LPS (8 h), 
followed by Ang-II for an additional 16 h. The results 
showed that both Ang-II (16 h) and LPS (8 h) + Ang II 
(16 h) generated a significant increase in caspase-1 activ-
ity in comparison to the control (Fig. 2C); by contrast, 
LPS alone (24 h) did not cause changes in caspase-1 
activity. To define the participation of caspase-1 in Ang-
II effects in CF, caspase-1 was irreversibly inhibited with 
ac-YVAD-cmk (10 μM). Thus, CF were treated with LPS 
(8 h) and pretreated with ac-YVAD-cmk, 1 h before stim-
ulation with Ang-II (16 h). The results showed that ac-
YVAD-cmk prevented the increase in caspase-1 activity 
induced by Ang-II (Fig. 2D).

To establish whether Ang-II induced IL-1β secre-
tion, CF were stimulated with LPS (8 h) and then with 
Ang-II for an additional 16 h. The results showed that 
co-stimulation of LPS (8 h) + Ang-II (16 h) induced 
IL-1β secretion significantly in comparison to the con-
trol (Fig. 3A), while LPS (24 h) or Ang-II (16 h) by 
themselves did not induce cytokine secretion. Further-
more, once siRNA functionality was established, IL-1β 
secretion was quantified. The results showed that the 
NLRP3-silenced CF did not secrete IL-1β compared to 
LPS-stimulated cells (8 h) + Ang-II (16 h), and IL-1β 
secretion was similar to the control (Fig. 3B). Finally, 
when CF were treated with LPS for (8 h) and pretreated 
with ac-YVAD-cmk, 1 h before stimulation with Ang-II 
(16 h), the results showed that ac-YVAD-cmk prevented 
the increase in IL-1β secretion (Fig. 3C) induced by LPS 
(8 h) + Ang-II (16 h).

Ang‑II Activates Caspase‑1 and Triggers 
IL‑1β Secretion by an AT1R/PLC/IP3R/
Ca.2+‑Dependent Mechanism

It is known that Ang-II binds to the AT1R receptor 
and that upon activation it can trigger the following sign-
aling pathway: AT1R-PLC-IP3/DAG-IP3R-Ca2+. Losar-
tan (10 μM, AT1R antagonist) was used to establish the 
role of AT1R activation. CF were stimulated with LPS 
(8 h), and without changing media, losartan was added 
for 1 h before the addition of Ang-II (16 h). The results 
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Fig. 2  In CF the NLRP3 inflammasome is activated by Ang-II. A Immunocytochemistry representing silencing of NLRP3 (green) and nucleus 
(blue). NLRP3 blocking peptide corresponds to the positive control of the technique. Photographs are at 40 × magnification. B Quantification of the 
relative total fluorescence of the images obtained by confocal microscopy. C Caspase-1 activity was analyzed in CF stimulated with LPS (1 μg/mL) 
for 8 h and then with Ang-II (1 μM) for 16 h. D Caspase-1 activity was analyzed in CF treated with ac-YVAD-cmk (10 μM). CF were treated with 
LPS 1 μg/mL for 7 h, ac-YVAD-cmk was added for 1 h, and finally, cells were stimulated with 1 μM Ang-II for 16 h. Values are mean ± SEM. For 
B *p < 0.05 and **p < 0.01 vs control; #p < 0.05 and ##p < 0.01 vs scramble. For C *p < 0.05 vs control and #p < 0.05 vs LPS 8 h. For D **p < 0.01 vs 
control; ##p < 0.01 vs YVAD and &&&p < 0.001 vs LPS 8 h + ATP 16 h. n = 5 independent experiments.

Fig. 3  IL-1β secretion triggered by Ang-II is NRLP3-dependent. An ELISA of IL-1β secretion (expressed in pg IL-1β/μg protein) was performed 
on the supernatant. A CF were stimulated with LPS (1 μg/mL) for 8 h and then with Ang II (1 μM) for 16 h; B CF treated with NLRP3 siRNA and 
then stimulated with LPS (1 μg/mL) for 8 h and then with Ang II (1 μM) for 16 h; and C CF were treated with LPS 1 μg/mL for 7 h, ac-YVAD-cmk 
was added for 1 h, and finally cells were stimulated with 1 μM Ang-II for 16 h. The values are the mean ± SEM. For A *p < 0.05 vs control, #p < 0.05 
vs LPS, and &p < 0.05 vs Ang-II. For B *p < 0.05 vs LPS 8 h + Ang-II. For C *p < 0.05 vs control, #p < 0.05 vs YVAD, and &p < 0.05 vs LPS + Ang-
II. n = 5 independent experiments.

2504



Ang-II by a  Ca2+-dependentmechanism triggers NLRP3 inflammasome in CF 2505



Espitia-Corredor et al. 

showed that losartan prevented the increase in caspase-1 
activity (Fig. 4A) and IL-1β secretion (Fig. 4B) induced 
by Ang-II. Subsequently, the participation of phospholi-
pase C (PLC) and the IP3 receptor were evaluated using 
U73122 (PLC inhibitor) and 2-APB (IP3R antagonist), 
respectively. CF were stimulated with LPS (8 h) and 
then pretreated for 1 h with U73122 (1 μM) or 2-APB 
(10 μM), before the addition of Ang-II (16 h). The results 
showed that U73122 and 2-APB prevented both caspase-1 
activity (Fig. 4C) and IL-1β secretion (Fig. 4D) induced 
by Ang-II. Finally, the BAPTA-AM chelator was used to 
determine if Ca2+ was the key in NLRP3 inflammasome 
activation. CF were incubated with BAPTA-AM (10 μM) 
for 1 h, and then Ang-II was added for 4 h. It should 
be considered that this experiment was performed in the 
presence of culture media with Ca2+. It is important 
to clarify that the methodology and stimulus time used 
were changed because BAPTA-AM induced cell death 
in culture from 6 to 8 h. The methodology was adjusted 
to achieve a maximum exposure time of BAPTA-AM of 
5 h, so it was only performed in the caspase-1 activity 
assay and not IL-1β secretion because the latter requires a 
longer incubation time. It was observed that BAPTA-AM 
prevented caspase-1 activity induced by Ang-II (Fig. 4E).

Ang‑II Induces the Secretion of IL‑1β 
by a Non‑classical Vesicular Mechanism

Finally, we aimed to determine the IL − 1� secre-
tory mechanism in response to LPS + Ang-II, identifying 
the classical reticulum/Golgi secretion or an alternative 
non-classical mechanism. To do this, CF were stimulated 
with LPS (8 h), and then brefeldin A (100 nM), a mole-
cule that interferes with the anterograde mechanism from 
the endoplasmic reticulum to the Golgi apparatus, was 

added for 1 h before cells were stimulated with Ang-II 
for 16 h. Brefeldin was unable to prevent IL-1β secretion 
induced by LPS (8 h) + Ang-II (16 h) (Fig. 5A). Subse-
quently, bafilomycin A1 (1 nM), an inhibitor of V-ATPase 
that prevents the formation of vesicles that have this H+ 
pump, was used. Bafilomycin A1 decreased IL-1β secre-
tion mediated by LPS (8 h) + Ang-II (16 h) (Fig. 5B).

DISCUSSION

Ang‑II Activates the NLRP3 Inflammasome 
in CF

First, we confirm that in CF LPS and ATP, the clas-
sic first and second signals, respectively, can activate the 
NLRP3 inflammasome and induce IL-1β secretion [6, 
7]. It has been suggested that under pathological condi-
tions, high levels of ATP are released from necrotic cells, 
and through its interaction with the P2X7 receptor would 
act as a pro-inflammatory damage signal, inducing the 
NLRP3 inflammasome assembly and activation [23]. Our 
study revealed that ATP induced an increase in caspase-1 
activity, although it did not show effects on pro-IL − 1� 
expression levels.

Ang-II, a peptide with significant effects in CF, is 
also known to act as a second signal that can activate the 
NLRP3 inflammasome in CF [5, 22], endothelial cells 
[24], and smooth muscle cells [25], although the mech-
anism was not fully studied. In this sense, Ang-II pos-
sessed two of the three basic characteristics necessary to 
activate the NLRP3 inflammasome: the variations in the 
osmolarity of the cellular environment and the increase in 
ROS. The first characteristic would be due to the increase 
in intracellular Ca2+ concentration and the second due to 
an increase in NADPH oxidase activity.

In CF, NLRP3 inflammasome activation triggered 
by Ang-II was demonstrated by three different strategies. 
Firstly, we showed inflammasome protein colocaliza-
tion, which is a molecular process that must occur to 
assemble this protein complex. We showed that Ang-II 
or LPS + Ang-II stimuli induced NLRP3 and ASC mobi-
lization to the perinuclear sector, achieving its colocaliza-
tion, a phenomenon that agrees with the literature [26]. 
Secondly, we demonstrated the activation of caspase-1, 
which is a key event in the activation of the NLRP3 
inflammasome that is responsible for the cleavage of pro-
IL-1β into IL-1β. We showed that either Ang-II alone or 
LPS + Ang-II were able to increase caspase-1 activity. 
These results suggest that Ang II acts as signal 2 able to 

Fig. 4  Ang-II through AT1R/PLC/IP3R/Ca2+ signaling pathway acti-
vates caspase-1 and IL-1β secretion. CF were stimulated with LPS 
(1  μg/mL) for 8  h and preincubated with losartan (10  μM), U73122 
(1  μM), or 2-APB (10  μM) for 1  h before stimulating with Ang-II 
(1 μM) for 16 h. A Caspase-1 activity in the presence of losartan; B 
ELISA for IL-1β was secretion expressed in pg IL-1β/μg protein in 
the presence of losartan. C Caspase-1 activity in presence of U73122 
and 2-APB; D ELISA for IL-1β was secretion expressed in pg IL-1β/
μg protein in the presence of U73122 and 2-APB. E Caspase-1 activ-
ity was quantified in CF preincubated with BAPTA-AM (10 μM) for 
1 h and then stimulated with Ang-II (1 μM) for 4 h. The values are 
means ± SEM. For A and B, *p < 0.05 vs control, #p < 0.05 vs losartan, 
and &p < 0.05 vs LPS 8  h + Ang-II 16  h. For C and D, *p < 0.05 vs 
control, #p < 0.05 vs U73; &p < 0.05 vs 2-APB, and $p < 0.05 vs LPS 
8 h + Ang-II 16 h. n = 5 independent experiments.

◂
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induce NLRP3 inflammasome assembly, in an independ-
ent manner of signal 1. In this regard, IL-1β secretion is  
the last event that reveals that the inflammasome complex is 
assembled and activated [27]. We showed that Ang-II alone  
did not induce IL-1β secretion; this result agrees with 
Bracey et al. [22], and it is explained because Ang-II does  
not induce pro-IL-1β synthesis; however, LPS + Ang-II 
induced IL-1β secretion. In summary, the three results 
show that Ang-II, by itself, can assemble the inflamma-
some activating caspase-1, but by itself cannot induce 
IL-1β secretion, unless pro-IL − 1� is present.

Furthermore, in CF NLRP3 inflammasome activa-
tion has been described to be related to TGF-β regulation; 
thus, in CF deficient in NLRP3, there is altered cell differ-
entiation and activation of R-Smad in response to TGF-β 
[22]. In this sense, previously we showed that there is an 
increase in caspase-1 expression in CF when stimulated 
with TGF-β1 [17]. Finally, caspase-1 has been indicated 
to participate in pyroptosis presented by immune cells 
[28]; however, we did not find pyroptosis under the stim-
uli conditions used in this work.

Concerning the time required to quantify IL-1β 
secretion induced by ATP, it has been shown that in 
immune-type cells, at 30 min after stimulus, the con-
centrations were greater than 1000 pg/mL. However, 
our results showed that detectable IL − 1� levels were 
reached much later, after 16 h of stimulation. IL-1β secre-
tion likely occurs in a shorter timeframe than that studied 
in our experiments in CF, but technically the detection of 
this cytokine requires a longer time. Also, it is possible 

that in CF, the de novo production of pro-IL1� will take 
a long time for the pro-IL − 1� protein to accumulate to 
significant levels and that the IL-1β secretion is slow and 
independent of the stimuli used. This could mean that at 
the cardiac level, there are two phenomena about activa-
tion of the NLRP3 inflammasome and IL-1β secretion: 
one that would be acute, due especially to the activity of 
immune cells, and another one that could be chronic and 
undetectable, which would be due to the inflammatory 
action by non-immune cells, such as CF. Both phenomena 
could eventually lead to alterations in cardiac tissue and 
cardiac function.

Ang‑II Activates Caspase‑1

In other cell types, other inflammasomes have 
been described, which can actively participate in IL-1β 
secretion [29]. Our results showed that NLRP3 siRNA 
prevented LPS + Ang-II-induced IL-1β secretion in CF. 
This result is complementary to our previous experiment 
on NLRP3 and ASC colocalization induced by Ang-II. 
In summary, it is clear that participation in NLRP3 is 
crucial for IL-1β secretion and would be the main Ang-
II-activated inflammasome in CF. However, it has also 
been described that other enzymes can cleave pro-IL-1β, 
such as MMP-9, PR3, cathepsin G, and elastase, among 
others [30]. In this respect, our results with ac-YVAD-
cmk allowed us to confirm the participation of caspase-1 
in IL-1β secretion induced by Ang-II. Taken together, 

Fig. 5  Ang-II induces IL-1β secretion by a non-classical protein secretion mechanism. CF were treated with LPS 1 μg/mL for 7 h, then preincu-
bated for 1 h with brefeldin A (Bref) or bafilomycin A1 (Baf), and finally stimulated with Ang-II (1 μM) for 16 h. ELISA for IL-1β was secretion 
expressed in pg IL-1β/μg protein. A Cells treated with brefeldin A (100 nM). B Cells treated with bafilomycin A1 (1 nM). Values are mean ± SEM. 
For A **p < 0.01 vs control, #p < 0.05 vs brefeldin A. For B **p < 0.01 vs control; #p < 0.05 vs LPS 8 h + Ang-II 16 h. n = 6 independent experi-
ments.
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our data show that it is the NLRP3 inflammasome that is 
activated by Ang-II and that, effectively, the enzyme that 
cleaves pro-IL-1β is caspase-1.

Ang‑II Through AT1R/PLC/IP3/Ca.2+ Activates 
Caspase‑1

Our main aim was to elucidate the signaling 
pathways in CF that couple Ang-II to NLRP3 assembly 
and caspase-1 activation. First, using losartan it was 
established that Ang-II must interact with the AT1R. 
Then, using U73122 and 2-APB, it was established that 
PLC activation and IP3 genesis activate IP3R, trigger-
ing Ca2+ exit from the endoplasmic reticulum and 
increasing its concentration in the cytosol. Likewise, 
the use of BAPTA-AM allowed us to demonstrate that 
Ca2+ was key in the activation of caspase-1 induced 
by Ang-II. These facts reaffirm that signaling: AT1R/
PLC/IP3R/Ca2+ would be the sequence of events that 
would trigger the assembly of the NLRP3 inflamma-
some and caspase-1 activation. In this regard, Ca2+ has 
previously been shown to be an important second mes-
senger that activates the NLRP3 inflammasome [31]. 
Wang et al. [32] and Usui et al. [33] showed in mouse 
macrophages that Ang-II increased IL − 1� secretion, 
and this effect was blocked by losartan, demonstrat-
ing that AT1R activation was involved in the activation 
of the NLRP3 inflammasome [32, 33]. However, none 
of these studies demonstrated that the assembly and 
activation of the NLRP3 inflammasome by Ang-II is 
dependent on the signaling cascade that increases intra-
cellular Ca2+. In this respect, fluxes of Ca2+ related to 
the intracellular and endoplasmic reticulum have been 
shown to also activate the NLRP3 inflammasome [34], 
which coincides with our findings. Here, we elucidate a 
critical role for Ca2+ mobilization in the activation of 
the NLRP3 inflammasome by Ang-II. We demonstrate 
that blocking Ca2+ mobilization inhibits the assembly 
and activation of the NLRP3 inflammasome complex. 
Besides that, during Ang-II stimulation, Ca2+ signaling 
is pivotal in promoting NLRP3 activation and IL − 1� 
secretion. Therefore, we established that Ang-II trig-
gers activation of the NLRP3 inflammasome through 
a Ca2+-dependent mechanism; however, we cannot 
discard ROS as another possible mechanism by which 
the NLRP3 inflammasome is activated in CF. In this 
sense, Zhang et al. [35] showed that Ang-II initiates 
the epithelial-mesenchymal transition of hepatocytes 
by activating the NOX-derived ROS-induced NLRP3 

inflammasome [35]; and Zhao et al. [36] demonstrated 
an important role for the NLRP3 inflammasome in 
mediating podocyte injury and mitochondrial dysfunc-
tion induced by a ROS-dependent mechanism [36].

Secretion of IL‑1β by a Non‑classical Protein 
Secretion Mechanism

In CF, there are surprisingly no studies on the IL-1β 
secretory mechanism, especially since it lacks the clas-
sical sequence of protein secretion. Using brefeldin A, it 
was demonstrated that the endoplasmic reticulum/Golgi 
system was not involved, discarding the classical route 
of protein secretion [37]. However, some studies indicate 
that it could be due to an alternative secretion mechanism 
[38, 39], including the use of carriers, evaginations of the 
plasma membrane, and the formation of different vesicles 
[38–41]. However, one of the most striking possibilities is 
the formation of autophagic-type vesicles, which would 
be responsible for favoring the meeting of the components 
of the NLRP3 inflammasome system in a small space 
that allows the transport of IL-1β towards the cellular 
exterior. Bafilomycin A1 prevented IL-1β secretion sug-
gesting a role for vesicles that express the V-ATPase H+ 
pump. There is a possibility that the vesicular mechanism 
is not the only one involved in IL-1β secretion, and there 
could be others not ruled out parallel methods of transport 
and IL-1β secretion in CF. These results would lead us 
to think that, as in other studies, there could be a spec-
trum of methods of IL-1β secretion and that this would 
depend on the type and time of stimulus used [38]. As 
mentioned above, immune cells may lose the continuity 
and fluidity of the plasma membrane, due to the con-
comitant phenomenon of pyroptosis, so this loss could 
promote the release of IL-1β and other substances into the 
extracellular environment. However, CF did not undergo 
pyroptosis, so the extrusion of IL-1β was driven by an 
active process. Recent work suggests that one of the roles 
of Ca2+ would not necessarily be to activate the NLRP3 
inflammasome, but rather to favor vesicular secretion of 
IL-1β towards the extracellular environment in models 
with low pyroptosis [42]. Additionally, Galliher-Beckley 
et al. [43] stated that in human monocytes, caspase-1 acti-
vation and IL-1β secretion would be distinct and separa-
ble events [43]; concerning this fact, and according to 
the results presented, Ang-II would induce both events: 
both caspase-1, and if pro-IL − 1�� is present, then IL-1β 
secretion could be also triggered.
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CONCLUSION

The findings (summarized in Fig. 6) suggest that 
Ang-II, through the activation of the AT1R, stimulates the 
transduction signaling pathways involving PLC and IP3R, 
which leads to the exit of Ca2+ from the endoplasmic 
reticulum into the cytosol, resulting in activation of the 
NLRP3 receptor, allowing its oligomerization and recruit-
ment of ASC and pro-caspase-1. The enzyme would auto-
activate to form active caspase-1 and be able to cleave 
pro-IL-1β into IL-1β. Finally, this active cytokine was 
secreted through vesicular transport.

PROJECTIONS

It is important to mention that the review by Butts 
et al. [44] states that the NLRP3 inflammasome is a prom-
ising drug target in heart failure [44]. We believe that this 
work could go in that same direction. Ang-II at the car-
diac level could generate the preassembly of the NLRP3 

inflammasome in resident heart cells, and once damage 
occurred, no matter how small, complete activation of the 
system could be generated, which would lead to the secre-
tion of IL-1β. This cytokine would act in a paracrine fashion 
inducing hypertrophy and apoptosis of the cardiomyocytes 
and in the long-term driving cardiac remodeling.
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