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Blockade of β-adrenergic signaling suppresses inflammasome 
and alleviates cardiac fibrosis
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Background: Heart failure (HF) is an end-stage syndrome of all structural heart diseases which accompanies 
the loss of myocardium and cardiac fibrosis. Although the role of inflammasome in cardiac fibrosis has recently 
been a point of focus, the mechanism of inflammasome activation in HF has not yet been elucidated. 
Methods: In this study, we investigated the expression of inflammasome proteins in a rat thoracic aorta 
constriction (TAC) model and cultured cardiac fibroblasts with stimulation of norepinephrine (NE). 
Results: Our results showed that levels of inflammasome proteins in the myocardial of TAC rats were 
elevated. By blocking β-adrenergic signaling in the rats, inflammasome activation was suppressed and heart 
function was improved. The stimulation of cultured cardiac fibroblasts with NE activated inflammasome in 
vitro, which was abrogated by the inhibition of the calcium channels and reactive oxygen species (ROS). The 
activation of inflammasome by NE promoted cardiac fibrosis, whereas the inhibition of the calcium channels, 
ROS, and inflammasome reduced this effect. 
Conclusions: The present study indicated that activation of inflammasome by β-adrenergic signaling 
promotes cardiac fibrosis. Therefore, modulation of inflammasome during HF might provide a novel strategy 
to treat this disease.
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Introduction

Heart failure (HF) is a major public health concern that 
threatens people’s health and quality of life, affecting 1–2% 
of the world’s population (1). Characterized by the loss of 
myocardium and cardiac fibrosis, HF is a multifactorial, 
systemic disease (2). However, the molecular mechanisms 
underlying the pathological process of cardiac fibrosis 

remain poorly understood. 
There is accumulating evidence that demonstrates 

the crucial role of inflammasome in cardiac fibrosis (3,4). 
Inflammasome, a group of protein complexes, consists of 
several NOD-like receptors (NLR), such as NLRP3, NLRC4 
and NLRP6, and an adaptor protein apoptosis-associated 
speck-like protein containing a caspase-recruitment domain 
(ASC) (5).The inflammasome responds to cellular infection 

127

Original Article

https://crossmark.crossref.org/dialog/?doi=10.21037/atm.2020.02.31


Dang et al. Inflammasome promotes cardiac fibrosis

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(4):127 | http://dx.doi.org/10.21037/atm.2020.02.31

Page 2 of 9

or stress with the promotion of caspase-1 and the generation 
of pro-inflammatory cytokines, including interleukin (IL)-
1β and IL-18. Operating as ‘master molecules’, these 
pro-inflammatory cytokines enhance the dysfunction 
of cardiomyocytes, subsequently leading to ventricular 
remodeling (6). It has also been reported that β-adrenergic 
signaling plays an important role in the regulation of 
autophagy, proliferation and apoptosis in cardiomyocytes (7). 
However, it remains unknown whether or not β-adrenergic 
signaling activates inflammasome and regulates the release of 
inflammatory factors.

β-adrenergic signaling is known to be overactivated 
during HF (8). The activation of the β-adrenergic 
signaling receptors leads to the conversion of adenosine 
triphosphate to the secondary messenger, cyclic adenosine 
monophosphate (cAMP). cAMP activates protein kinase 
A (PKA) and, subsequently, several Ca2+-cycling proteins, 
such as calcium channels, are phosphorylated by PKA (9).  
Activation of calcium channels mediates Ca2+ release, 
cardiac excitation-contraction coupling and calcium 
overload (10). Elevated cytosolic calcium activates the pro-
fibrotic pathway, leading to myocyte hypertrophy and 
fibrosis, as well as leading to mitochondria damage, which 
in turn generates reactive oxygen species (ROS) (11). ROS 
modulates the intracellular signaling pathway, promoting 
cell death and cardiac fibrosis.

In our study, we demonstrated that the activation of 
inflammasome by the β-adrenergic signaling played an 
important role in the enhancement of cardiac fibrosis. The 
mechanisms involved the regulation of calcium overload 
and generation of ROS. 

Methods

Transverse aortic constriction (TAC) model establishment 
and intervention

Male Sprague-Dawley (SD) rats (180–200 g) were 
purchased from Jiangsu Institute of Schistosomiasis Control 
and Prevention in China. The rats were housed in a specific 
pathogen-free room (temperature 23±1 ℃ and humidity 55–
65%) with access to standard food and water under regular 
12-hour photoperiods. As was previously reported, a TAC 
model was established (12). Briefly, rats were anaesthetized 
in an induction chamber with 3% isoflurane mixed with  
6 L/min 100% oxygen, and anesthesia was maintained with 
1.5% isoflurane. A temperature-controlled surgical table 
maintained their body temperature. A half way incision was 

made between two trachea cartilage rings, and the tracheal 
cannula was inserted into the trachea. The tracheal canula 
was connected to a rodent ventilator for maintaining a 
respiratory rate of 50 breaths/min, tidal volume of 2.0 mL. 
The aortic arch was exposed by left anterior thoracotomy 
in the third intercostal region and separating the thymus 
and fat tissue. A small piece of a 6.0 silk suture was placed 
between the innominate and left carotid arteries. A  
1.0 mm wire was placed parallel to the transverse aorta, 
after that the aortic arch was constricted to the diameter of 
the wire and then the wire was quickly removed. The sham 
control rats underwent an identical procedure but without 
TAC.

The rats were randomly divided into a metoprolol group 
and a TAC group to facilitate investigation into the effects 
of metoprolol treatment. For the metoprolol intervention 
group, metoprolol (sc-205751, Santa Cruz Biotechnology, 
Inc., TX, USA) was dissolved in disinfected water and 
administered (1 mg/kg × day) orally to the TAC rats for 
the 8 weeks directly following the procedure. For the TAC 
group, the rats drank disinfected water normally. The 
rats were sacrificed 8 weeks after the TAC procedure, and 
their hearts were harvested and stored at −80 ℃. The heart 
weight/body weight (HW/BW) ratios were calculated. 
Animal care was carried out according to the guidelines for 
the Principles of Laboratory Animal Care, and the protocol 
was approved by the Institutional Animal Care and Use 
Committee of The Affiliated Wuxi People’s Hospital of 
Nanjing Medical University.

Left ventricle ejection fraction measurement

Echocardiography was used to evaluate cardiac function 
(ie33, Philip, Netherlands). Anesthesia induction of rats was 
performed with isoflurane and maintained with chloroform. 
M-mode tracings were used to measure the left ventricular 
(LV) posterior wall end diastole (LVPWd), the LV internal 
dimension end diastole (LVIDd), the interventricular septum 
end diastole (IVSd), the LV ejection fraction (LVEF), and the 
max aortic pressure gradient (PG). Ascending and descending 
aortic flow velocities were measured by Doppler flow signals. 
All measurements were made by an observer who was blinded 
with respect to the identity of the tracings. All measurements 
were averaged over six consecutive cardiac cycles.

Cardiac fibroblasts culture

To isolate primary neonatal rat cardiac fibroblasts (NRCFs), 
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neonatal SD rats (Jiangsu Institute of Schistosomiasis 
Control and Prevention in China) were sacrificed. 
Their hearts were quickly removed and digested with 
cardiomyocyte isolation enzyme 1 (88288, Thermo, USA) 
and cardiomyocyte isolation enzyme 2 (88289, Thermo, 
USA). Cells were cultured in DMEM to achieve primary 
cell isolation (88287, Thermo, USA) containing 10% 
fetal bovine serum (12664025, Gibco, USA), then seeded 
at 1×106/100-mm dish (430167, Corning, NY, USA) and 
initially incubated at 37 ℃ with 5% CO2. After 2 hours, the 
unattached cells were discarded, and the attached cells were 
cultured further in DMEM containing 10% FBS.

siRNA transfection

The NRCFs were placed in serum-free medium and 
subsequently transfected with NLRP3 siRNA (GenePharm, 
Shanghai, China) to inhibit the expression of NLRP3. The 
sequence of siRNA duplexes targeting NLRP3 were as 
follows: sense 5'-CCAGGAGAGAACUUCUUAUTT-3', 
anti-sense 5'-AUAAGAAGUUCUCUCCUGGTT-3'. 
The media containing siRNA was replaced by DMEM 
containing 10% FBS 6 hours after transfection.

Western blot

Cells were lysed with ice-cold RIPA buffer (89900, Pierce, 
WI, USA) containing protease and phosphatase inhibitors 
(04693159001, Roche, Switzerland). The lysates were 
fractionated by SDS-PAGE and then transferred onto 
polyvinylidene difluoride membranes (GE Healthcare, 
USA). The PVDF membranes were incubated with primary 
antibodies for GAPDH (2118, Cell Signaling Technology, 
MA, USA), β1-adrenergic receptor (ab3442, Abcam, 
England), Phospho-PKA (4781, Cell Signaling Technology, 
MA), NLRP3 (LS-C334192, LifeSpan BioSciences, USA), 
ASC2 (NBP1-78977, Novus Biologicals, CO, USA), 
cleaved caspase-1 (NB100-56565, Novus Biologicals, CO, 
USA), collagen I (ab34710, Abcam, England), and collagen 
III (ab7778, Abcam, England). ImageJ was used to quantify 
immunoblotting bands by densitometry. Densities were 
normalized to control treatment and relative folds were 
normalized to GAPDH.

ROS assay

The NRCFs were plated in 6-well plates and treated with 
NE (2 μM) plus ROS inhibitor (N-acetyl cysteine, NAC, 

A9165, Sigma-Aldrich, MO, USA) at 10 mM for 30 minutes. 
Following this, the culture medium was removed, before the 
cells were washed with PBS and then incubated with CM-
H2DCFDA (C400, Invitrogen, USA) at a final concentration 
of 2.5 μM in serum-free medium for 30 minutes at 37 ℃. 
The cells were washed with warmed PBS, removed from 
the plates, immediately resuspended in cold PBS containing 
1% FBS, and subjected to flow cytometric analysis. A similar 
process was carried out for the unstained control cells, but all 
treatments and dyes were omitted.

Cytosolic calcium concentration measurement

Cytosolic calcium concentrations in the NRCFs were 
measured by LAMBDA DG-4 (Sutter Company, USA). 
The NRCFs were incubated with 5 μM Fura-2/AM and 
L type Ca2+ channel inhibitor verapamil (V4629, 1 μM, 
Sigma-Aldrich, MO) for 30 minutes at room temperature 
and were protected from light. After being loaded, the 
cells were washed, NE was added, and their fluorescence 
intensity ratios were recorded, with excitation wavelengths 
of 340 nm and 380 nm, and an emission wavelength of 
510 nm. The fluorescence intensity ratios were calculated 
as F340/F380, and changes in the fluorescence intensity 
ratios were used to represent changes in cytosolic calcium 
concentrations.

Histology

Hematoxylinand eosin (H&E) or Masson's trichrome were 
used to stain the paraffin-embedded 4-μm LV sections.

Statistical analysis

Quantitative data are presented as mean ± standard error 
of the mean (SEM). Statistical analysis was performed 
by SPSS 17.0 software. Normality of data was checked, 
and non-parametric testing was carried out if the data 
was not normally distributed. An independent two tailed 
Student’s t-test was used to assess significance, with P<0.05 
considered to be statistically significant.

Results

Blockade of β-adrenergic signaling inhibited 
inflammasome in pressure-overload model

A pressure overload model (TAC) was established to 
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Figure 1 Blockade of β-adrenergic signaling improved heart function in pressure overload rats. (A) Two months after sham (n=14) or TAC 
(n=12) procedure, echocardiography was performed to measure LVEF; (B) serum IL-1β and IL-18 from sham and TAC rats were assayed 
with ELISA kits; (C) immunoblot analysis of LV myocardium from sham and TAC rat. TAC rats were treated with water (n=5) or water plus 
metoprolol (n=6) from the day of TAC procedure for 8 weeks; (D,E) echocardiography was performed to measure LVPWd, IVSd, LVIDd 
(D,E) and LVEF (F); (G) representative Masson-stain pictures of perivascular and myocardial fibrosis from each group; (H) immunoblot 
analysis of myocardium samples from the rats of TAC group and TAC treated with metoprolol group. *, P<0.05. TAC, thoracic aorta 
constriction; LVEF, left ventricular ejection fraction; LVPWd, left ventricular posterior wall end diastole; IVSd, interventricular septum end 
diastole; LVIDd, left ventricular internal dimension end diastole.

investigate the role inflammasome plays in the development 
of cardiac remodeling. Our data demonstrated that left 
ventricle hypotrophy (Figure S1) and reduction of LVEF 
(Figure 1A) were observed in the TAC group rats but not 
in the sham group rats, which suggested that constriction 
of the aortic arch could induce cardiac remodeling and 

HF. The key effectors of inflammasome, IL-1β and IL-
18, were also investigated, and we found that the levels of 
serum IL-1β and IL-18 in the TAC group were significantly 
higher than those in the sham group (Figure 1B, P<0.05). 
In the TAC group, the expressions of NLRP3 and cleaved 
caspase-1 were also upregulated (Figure 1C). These results 
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Figure 2 Inflammasome was activated by β-Adrenergic signaling. (A) PKA and pPKA were analyzed by immunoblot from the LV tissue of 
sham and TAC rats; (B) NRCFs were stimulated with NE for 1, 2, 12, 24 or 48 hours. NLRP3, ASC2 and cleaved caspase-1 were analyzed 
with immunoblot; (C,D) NRCFs were treated with β-adrenergic receptor blocker (Metoprolol) or PKA inhibitor (H-89) for 30 min prior to 
NE treatment and analyzed by immunoblots. PKA, protein kinase A; LV, left ventricular; TAC, thoracic aorta constriction; NRCF, neonatal 
rat cardiac fibroblast; NE, norepinephrine.

suggested that inflammasome was activated during pressure-
overload mediated cardiac remodeling.

To determine whether the blockade of β-adrenergic 
signaling could reduce inflammasome and reverse cardiac 
fibrosis, we administered metoprolol orally to the TAC 
rats. As shown in Figure1D,E, LVPWd, IVSd and LVIDd 
were reduced in the metoprolol-treated TAC rats in 
comparison with the TAC rats that were not treated 
with metoprolol. The LVEFs were improved following 
metoprolol treatment (Figure 1F). Masson staining 
demonstrated reduced cardiac fibrosis in TAC rats treated 
with metoprolol (Figure 1G). In addition, the protein levels 
of NLRP3 and cleaved caspase-1 were lower in the LV 
myocardium of the TAC rats with metoprolol treatment 
than in the TAC rats (Figure 1H). Furthermore, the cardiac 
fibrosis proteins Collagen I and III were also reduced in the 
metoprolol-treated TAC rats treated in comparison with 
the TAC rats that did not receive metoprolol (Figure 1H).  
These data suggested that blockade of β-adrenergic 
signaling pathway reduced inflammasome and alleviated 
cardiac fibrosis. 

Inflammasome was activated in cardiac fibroblasts treated 
with the beta-adrenergic agonist, norepinephrine (NE)

It was reported that catecholamine was elevated in patients 
who experienced HF and promoted the development of HF. 
We investigated the activation of the adrenergic signaling 
pathway in TAC model, and the results showed that the LV 
myocardium of the TAC rats had higher phosphorylation 
of PKA than those in the sham rats (Figure 2A). We then 
sought to investigate whether activation of the adrenergic 
signaling pathway could activate inflammasome. NRCFs 
were stimulated with NE for different periods of time. 
The results showed that expressions of NLRP3, ASC2 and 
cleaved caspase-1 increased remarkably 24 hours after NE 
stimulation (Figure 2B). NRCFs were then treated with NE 
and the adrenergic receptor blocker metoprolol. We found 
that metoprolol abrogated the NE-induced up-regulation 
of NLRP3 and cleaved caspase-1 (Figure 2C). To explore 
whether the adrenergic signaling pathway was involved in 
the activation of inflammasome, we blocked PKA with H-89, 
before NE treatment. As shown in Figure 2D, the NE-
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Figure 3 Inhibition of the calcium channel and ROS pathway inhibited inflammasome activation mediated by the adrenergic signaling. (A) 
NRCFs were incubated with Fura-2/AM for 30 minutes, and then treated with NE or with verapamil before NE stimulation. Fluorescence 
intensity ratios were recorded and ratios of F340/F380 were calculated; *, P<0.05. (B) NRCFs were treated with verapamil for  
30 min prior to NE treatment and analyzed by immunoblotting; (C) NRCFs were treated with or without NE for 48 h, then incubated 
with CM-H2DCFDA (2.5 μM) for 30 min and analyzed by flow cytometry; (D) NRCFs were treated with ROS inhibitor (NAC) for  
30 min prior to NE treatment and analyzed by immunoblotting. ROS, reactive oxygen species; NRCF, neonatal rat cardiac fibroblast; 
NE, norepinephrine; NAC, N-acetyl cysteine.

induced up-regulation of NLRP3 and cleaved caspase-1 
was inhibited. These data suggest that NE activates 
inflammasome by adrenergic signaling.

Adrenergic signaling activates inflammasome via the 
calcium channels/ROS

To investigate how adrenergic signaling activates the 
inflammasome, we assayed calcium ion in cardiac fibroblasts. 
As shown in Figure 3A, cytosolic calcium increased in 
cardiac fibroblasts with stimulation of NE, while verapamil 
inhibited the increase of cytosolic calcium. Verapamil also 
suppressed the NE-induced up-regulation of NLRP3 
and cleaved caspase-1 (Figure 3B). To investigate whether 
ROS was involved the activation of the inflammasome, the 
production of ROS in cardiac fibroblasts was examined. 
Our data showed that NE stimulation increased ROS 
production, whereas the blockade of the calcium channels 

suppressed ROS production in cardiac fibroblasts (Figure 
3C). Furthermore, the ROS inhibitor NAC reversed the up-
regulation of NLRP3 and cleaved caspase-1 which had been 
mediated by NE (Figure 3D). Overall, our data suggest that 
adrenergic signaling activates inflammasome via the calcium 
channel/ROS pathway. 

Inflammasome promoted cardiac fibrosis mediated by 
β-adrenergic signaling

To investigate the role of inflammasome in cardiac fibrosis, 
NLRP3 was inhibited with RNAi in cardiac fibroblasts. 
Our data showed that protein level of NLRP3 was reduced 
following siRNA transfection, and its up-regulation through 
NE stimulation was inhibited. Moreover, the up-regulation of 
collagen I and collagen III induced by NE was also suppressed 
(Figure 4A). Next, to determine whether NE promotes cardiac 
fibrosis via β-adrenergic signaling, the adrenergic signaling 
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Figure 4 Activation of inflammasome via the β-adrenergic signaling promoted cardiac fibrosis. (A) NRCFs were transfected with siNLRP3 
and treated with NE, then analyzed by immunoblots; (B) NRCFs were treated with metoprolol for 30 min prior to NE treatment and 
analyzed by immunoblotting; (C,D,E) NRCFs were treated with H-89 (C), verapamil (D) or NAC (E) for 30 min prior to NE treatment and 
analyzed by immunoblots. NRCF, neonatal rat cardiac fibroblast; NAC, N-acetyl cysteine; NE, norepinephrine.

was blocked with metoprolol. The results showed that the up-
regulation of collagen I and collagen III in the protein levels 
under NE stimulation was inhibited (Figure 4B). Furthermore, 
decreased expressions of collagen I and collagen III were 
detected by Western blotting when the PKA and calcium 
channels/ROS were inhibited, respectively (Figure 4C,D,E). 
Therefore, the NE-induced activation of inflammasome 
promoted cardiac fibrosis via β-adrenergic signaling, calcium 
channels, and the ROS pathway.

Discussion

Recently, HF has been reported to be associated with the 

loss of myocardium and cardiac fibrosis (2,13); however, 
the underlying mechanisms of such a deterioration remain 
elusive. In this study, we found inflammasome was activated 
in HF rat cardiac fibroblasts and promoted cardiac fibrosis, 
while the blockade of adrenergic signaling inhibited 
inflammasome and reduced cardiac fibrosis. Mechanistic 
study showed that the activation of inflammasome by 
the adrenergic signaling promoted cardiac fibrosis via 
the calcium channel/ROS pathway. These findings 
suggested that adrenergic signaling/calcium channel/ROS/
inflammasome pathway might play an important role in the 
development of HF. 

An increasing amount of evidence has demonstrated that 
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the sympathetic nervous system plays a critical role in the 
development of cardiovascular diseases (14). Adrenergic 
receptors function as important regulators in cardiovascular 
disorders, particularly in HF (15). Adrenergic receptors 
belong to the family of guanine nucleotide-binding G 
protein-coupled receptors, and two classes have been 
identified: α and β (16). The β-adrenergic receptors 
are abundantly expressed in the heart and β-adrenergic 
signaling plays an important role in the regulation of 
pathological process of cardiomyocytes (17). Moreover, 
the activation of β-adrenergic signaling has been reported 
to increase Ca2+ leakage via phosphorylating Ca2+-cycling 
proteins in response to the increase of secondary messenger 
cAMP (18). In this study, the phosphorylation of PKA 
was significantly higher in the TAC rat cardiac fibroblasts 
than in the sham rat cardiac fibroblasts, which indicates 
the activation of the adrenergic pathway in the pressure-
overloaded rats. Furthermore, NE stimulation increased 
cytosolic calcium and cardiac fibrosis in cardiac fibroblasts, 
while inhibition of the calcium channels with verapamil 
decreased cardiac fibrosis. This indicated that β-adrenergic 
signaling was involved in the regulation of cardiac fibrosis 
in the TAC rat cardiac fibroblasts.

Inflammasome has been reported to be involved in 
regulation of cardiac fibrosis in HF (19-21). The NLRP3 
inflammasome can be activated under stress and formed 
by NLRP3 and procaspase-1 via the adaptor protein  
ASC2 (22). Moreover, the NLRP3 inflammasome exerts 
an inflammatory effect through its regulation of the release 
of proinflammatory cytokines, including IL-1β and IL-18, 
which contribute to the enhancement of cardiomyocyte 
dysfunction and lead to ventricular remodeling and HF 
(23,24). In this study, serum levels of IL-1β and IL-18 
were significantly higher in the TAC rats. The TAC rat 
myocardium had a higher expression of NLRP3. Further 
examination revealed that NLRP3 inflammasome was 
activated in cardiac fibroblasts by NE. The knockdown 
of NLRP3 inhibited the induction of cardiac fibrosis by 
NE. Therefore, inflammasome functions as an important 
regulator in the pathological process of cardiac fibrosis 
during HF.

Recently, a growing number of studies have provided 
evidence that ROS generation notably contributes to 
HF (25). Under pathophysiological conditions, ROS 
overproduction is responsible for the activation of various 
signaling pathways and cell damage. Moreover, excessive 
oxidative stress has been reported to participate in the 
pathophysiology development of HF (26). Our data 

demonstrated that the inhibition of ROS reduced the 
expressions of NLRP3 and cleaved caspase-1, finally 
reversing cardiac fibrosis. This outcome suggested that 
excessive oxidative stress during HF contributed to the 
aggravation of NLRP3-inflammasome-induced cardiac 
fibrosis.

In conclusion, we demonstrated that the blockade 
of β-adrenergic signaling elevates heart function with 
reduction of cardiac fibrosis and activation of inflammasome 
by the β-adrenergic signaling plays an important role in the 
promotion of cardiac fibrosis via the calcium channel/ROS 
pathway. Thus, the modulation of β-adrenergic signaling, 
ROS, and inflammasome may provide a novel strategy for 
the future treatment of HF.
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Figure S1 Pressure overload induced left ventricle hypotrophy. (A) One week after sham (n=14) or TAC (n=12) procedure, echocardiography 
was performed to measure the PG of the aortic arch. Representative images and data are shown; (B,C) hearts from sham and TAC rats were 
harvested and imaged eight weeks after the procedure; (B) representative images and HW/BW are shown; (C) representative heart sections 
from these rats were stained with HE; (D,E) echocardiography was performed to evaluate LVPWd, IVSd, LVIDd of the LV. *, P<0.05. 
LVPWd, left ventricular posterior wall end diastole; IVSd, interventricular septum end diastole; LVIDd, left ventricular internal dimension 
end diastole; LV, left ventricular. 
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