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Aims Obesity, an established risk factor of atrial fibrillation (AF), is frequently associated with enhanced inflammatory re-
sponse. However, whether inflammatory signaling is causally linked to AF pathogenesis in obesity remains elusive.
We recently demonstrated that the constitutive activation of the ‘NACHT, LRR, and PYD Domains-containing
Protein 3’ (NLRP3) inflammasome promotes AF susceptibility. In this study, we hypothesized that the NLRP3
inflammasome is a key driver of obesity-induced AF.

....................................................................................................................................................................................................
Methods
and results

Western blotting was performed to determine the level of NLRP3 inflammasome activation in atrial tissues of
obese patients, sheep, and diet-induced obese (DIO) mice. The increased body weight in patients, sheep, and mice
was associated with enhanced NLRP3-inflammasome activation. To determine whether NLRP3 contributes to the
obesity-induced atrial arrhythmogenesis, wild-type (WT) and NLRP3 homozygous knockout (NLRP3-/-) mice were
subjected to high-fat-diet (HFD) or normal chow (NC) for 10 weeks. Relative to NC-fed WT mice, HFD-fed WT
mice were more susceptible to pacing-induced AF with longer AF duration. In contrast, HFD-fed NLRP3-/- mice
were resistant to pacing-induced AF. Optical mapping in DIO mice revealed an arrhythmogenic substrate character-
ized by abbreviated refractoriness and action potential duration (APD), two key determinants of reentry-promoting
electrical remodeling. Upregulation of ultra-rapid delayed-rectifier Kþ-channel (Kv1.5) contributed to the shortening
of atrial refractoriness. Increased profibrotic signaling and fibrosis along with abnormal Ca2þ release from sarcoplas-
mic reticulum (SR) accompanied atrial arrhythmogenesis in DIO mice. Conversely, genetic ablation of Nlrp3
(NLRP3-/-) in HFD-fed mice prevented the increases in Kv1.5 and the evolution of electrical remodeling, the upre-
gulation of profibrotic genes, and abnormal SR Ca2þ release in DIO mice.

....................................................................................................................................................................................................
Conclusion These results demonstrate that the atrial NLRP3 inflammasome is a key driver of obesity-induced atrial arrhythmo-

genesis and establishes a mechanistic link between obesity-induced AF and NLRP3-inflammasome activation.
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1. Introduction

As the most common cardiac arrhythmia, the prevalence of atrial fi-
brillation (AF) is increasing worldwide and has become a significant
public health burden.1,2 Due to the variability of potential contribu-
tors and the limited understanding of the molecular mechanisms
driving AF and its progression, the effect of current rhythm control
strategies is limited in some patients.3–5 Overweight and obesity
have increasing prevalence, are established risk factors of AF and
are associated with lower efficacy of rhythm control strategies.6–10

Although diet-induced obese mice are prone to pacing-induced AF
due to atrial remodeling,11 the potential underlying mechanisms link-
ing obesity and AF remain poorly understood.

Obesity is notably associated with sterile inflammation, which is an-
other risk factor for AF.12–18 It is well-known that the ‘NACHT, LRR,
and PYD Domains-containing Protein 3’ (NLRP3) inflammasome, a well-
established member of a family of NOD-like receptor (NLR) proteins,
drives inflammation by producing proinflammatory cytokines such as in-
terleukin (IL)-1b and IL-18.19–21 We recently demonstrated that the ac-
tivity of NLRP3 inflammasome is enhanced in atrial cardiomyocytes of
AF patients.22,23 Moreover, constitutive activation of NLRP3 exclusively
in cardiomyocytes promotes atrial electrical remodeling by enhancing
the expression and function of ultra-rapid outward Kþ current (IKur),
which abbreviates the atrial action potential and promotes reentry,
thereby increasing the susceptibility to AF in a genetic murine model.23,24

Although the NLRP3 inflammasome is more active in adipose tissue of a
mouse obesity model and in atrial tissues of patients with diabetes,25,26 it
is unknown whether obesity enhances the NLRP3 inflammasome in the
atria, thereby promoting AF development.

In this study, we tested the hypothesis that the NLRP3 inflammasome
is a key driver of obesity-induced AF. Our data show that the NLRP3-
inflammasome is more active in atrial tissue of obese patients and obese
sheep. Additionally, a diet-induced obesity mouse model developed a
pro-arrhythmic substrate for AF, along with enhanced activity of the
atrial NLRP3 inflammasome. Genetic inhibition of NLRP3 activity in mice
prevented inducible AF, the development of the reentry-promoting sub-
strate and the evolution of abnormal diastolic Ca2þ leak from the sarco-
plasmic reticulum (SR) without correcting the obesity. These findings

position the atrial NLRP3 inflammasome as a key driver of obesity-
induced atrial arrhythmogenesis.

2. Methods

For detailed methods, see Supplementary material online.

2.1 Human atrial samples
The right atrial appendage (RAA) samples were collected from patients
undergoing routine open-heart surgery for coronary bypass grafting and/
or valve replacement (Table 1 and Supplementary material online, Figure
S1). All available RA-appendages were used consecutively; RA-
appendages were not available from the following types of procedures:
emergency surgery, off-pump and re-do procedures, or cases for which
the surgeon judged that RA-sampling would excessively complicate the
surgical procedure. Tissue samples were collected immediately prior to
atrial cannulation for extracorporeal circulatory bypass, stored in
Tyrode solution and transferred to the laboratory for freezing in liquid
nitrogen. Patients with a previous history of AF, having left ventricular
ejection fraction (LVEF) <40%, and those taking antiarrhythmic drugs
were excluded. Patients were retrospectively classified as obese (Ob) if
body mass index (BMI) was >30 and as control (Ctl) if BMI was <28.
Targeted protein biochemistry (western blot, WB) of selected proteins
was performed in each group as indicated. The STROBE check list used
for this sub-study was provided in the Supplementary material online.
Each patient gave written informed consent. All experimental protocols
were approved by the Human Ethics Committee of the Medical Faculty
of the University Duisburg-Essen (approval number AZ: 12-5268-BO)
and were performed in accordance with the Declaration of Helsinki.
Patient demographics and characteristics are listed in Table 1.

2.2 Sheep model of obesity
To evaluate the NLRP3-inflammasome activity in a pre-clinical large ani-
mal model of obesity, the atrial samples from a previously-established
obese sheep model were used.27 Briefly, eight sheep were fed ad libitum
calorie-dense diet over 40 weeks to induce excessive weight gain, and
the obese state was sustained for an additional 40 weeks. Eight lean,
weight-controlled, and aged-matched sheep served as controls. The
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animal research ethics committees of the University of Adelaide and the
South Australian Health and Medical Research Institute, Adelaide,
Australia, which adhere to the National Health and Medical Research
Council of Australia Guidelines for the Care and Use of Animals for
Research Purposes, approved the study. The investigation involving the
use of animals conformed to the guidelines from Directive 2010/63/EU
of the European Parliament on the protection of animals used for scien-
tific purposes and the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals. General anaesthesia was used for
all procedures. Diazepam (0.4 mg/kg, i.p) was administered prior to in-
duction with ketamine (5 mg/kg, i.p). Inhalation of 2.5% isoflurane with
O2 (4 L/min) was used for maintenance. Non-invasive blood pressure,
heart rate, pulse oximetry, and end-tidal CO2 were continuously moni-
tored. Inducibility of AF was determined using a burst pacing protocol in
the left atrial appendage, which was performed as a terminal study.
Twenty impulses were delivered at the lowest cycle length with 1:1 atrial
capture. An episode was defined as irregular atrial activity lasting >_2 s.
This protocol was repeated five times and the number of episodes and
total duration were recorded. Sustained AF was defined as an episode
lasting >10 min. In the event of sustained AF, no further testing was per-
formed. At study completion, euthanasia was performed by bilateral tho-
racotomy while the sheep was under a surgical plane of anaesthesia.

Heart was removed and the right atrial appendage was isolated, and flash
frozen in liquid N2. NLRP3-inflammasome activation was assessed by im-
munoblot of atrial whole-tissue lysate.

2.3 Diet-induced obesity mouse model
Experiments with mice were approved by the Institutional Animal Care
and Use Committee (IACUC) at Baylor College of Medicine (BCM). In
vivo experiments and animal management procedures were conducted
in accordance with the NIH Guide for Care and Use of Laboratory
Animals.28 To investigate the role of NLRP3 in obesity-induced AF,
NLRP3 homozygous knockout mice (NLRP3-/-) were purchased from
the Jackson Laboratory (017969) and backcrossed to C57BL6/J for more
than six generations.29 Age- and gender-matched C57BL6/J wild-type
(WT) and NLRP3-/- mice were subjected to a high-fat-diet (HFD) feeding
to induce obesity.30 Starting at the age of 6 weeks, WT and NLRP3-/-

mice were fed with either normal chow (NC) or HFD (60%KCal fat;
Research Diets D12492) for 10 weeks. Body weight (BW) was measured
weekly in all 4 groups of mice: (i) WTþNC, (ii) WTþHFD, (iii) NLRP3-/

-þNC, and (iv) NLRP3-/-þHFD. In cases when anaesthesia was required,
mice were anaesthetized by inhaling 2% isoflurane (Henry Schein Animal
Health, USA) in 100% oxygen (0.8–1.2 L/min) for 10–60 min depending
on the procedures described below. Euthanasia was performed by cervi-
cal disarticulation while the mice were under a surgical plane of anaes-
thesia or after CO2 induced unconsciousness.

2.4 Echocardiography
To characterize systolic cardiac function, echocardiography was per-
formed under general anaesthesia (inhalation of 2% isoflurane in 100%
O2, 0.8–1.2 L/min) using VisualSonics Vevo 2100 Ultrasound at baseline
and 10 weeks timepoints.31

2.5 Programmed intracardiac stimulation
(PIS)
PIS was performed to induce AF as described previously.23 Briefly, a 1.1 F
octapolar catheter (EPR-100, Millar Instruments), inserted into the heart
via the right jugular vein, was used to record atrial and ventricular intra-
cardiac electrograms simultaneously. Bipolar right atrial pacing was ad-
ministered via an external stimulator (STG-3008, MultiChannel
Systems). An overdriving pacing protocol was applied for three times to
induce AF for three times. Only mice that exhibited pacing-induced AF
for longer than 2 seconds for at least 2 of 3 pacing protocols were con-
sidered AF positive. The average of the maximum duration of inducible
AF was compared among WTþNC, WTþHFD, NLRP3-/-þNC, and
NLRP3-/-þHFD groups.

2.6 Optical mapping
Optical mapping was performed as previously described.23 Briefly, hearts
were dissected and cannulated via the aorta and retrograde perfused
and superfused with Tyrode’s solution (2–5 mL/min). To load hearts
with the voltage-sensitive dye, di4-ANEPPS (Invitrogen, 0.1mmol/L,
1 mL) was slowly injected into a drug-port over 10 min period.
Afterwards, blebbistatin (Sigma–Alrich, 6.8mmol/L, 0.1 mL) was deliv-
ered to heart via the drug-port to eliminate motional artifacts. The emit-
ted fluorescence Vm-signal was long-passed (>700nm) and acquired via
MiCAM CMOS camera (SciMedia, USA) at the sampling rate of 1 kHz
and pixel size of 100mm/pixel. Right atrial pacing and surface ECG was
recorded by PowerLab 26 T stimulator (AD Instruments, Australia).

......................................................................................................

Table 1 Patient characteristics

Characteristics Ctl (non-obese) Obese

Patients, n 6 9

Male gender, n (%) 4 (80) 6 (67)

Age (years), mean±SD 73 ± 6 71 ± 5

BMI (kg/m2), mean±SD 25 ± 1 34 ± 2*

CAD, n (%) 0 (0) 4 (44)

AVD/MVD, n (%) 2 (33) 3 (33)

CADþAVD/MVD, n (%) 4 (67) 2 (22)

Hypertension, n (%) 5 (83) 5 (55)

Hyperlipidemia, n (%) 3 (50) 8 (89)*

LA diameter (mm), mean±SD 47 ± 1 45 ± 8

LVEF (%), mean±SDa 60 ± 6a 56 ± 9a

Oral antidiabetic drugs, n (%)b 0 (0) 8 (89)*

Insulin, n (%) 0 (0) 8 (89)*

ACEI/ARB, n (%) 5 (83) 6 (67)

Beta blockers, n (%) 1 (17) 6 (67)

Calcium channel blockers, n (%) 0 (0) 1 (11)

Digitalis glycosides, n (%) 0 (0) 0 (0)

Diuretics, n (%) 1 (17) 5 (55)

Lipid-lowering drugs, n (%) 3 (50) 7 (78)

Oral anticoagulants, n (%) 0 (0) 0 (0)

Nitrates, n (%) 0 (0) 0 (0)

Platelet inhibitors, n (%) 3 (50) 8 (89)

CRP (mg/dL), mean±SD 0.75 ± 0.6 0.67 ± 0.52

Leucocytes (/nL), mean±SD 7.8 ± 1.4 8.7 ± 2.6

ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor
blockers; AVD, aortic valve disease; BMI, body mass index; CAD, coronary artery
disease; CRP, C-reactive protein; LA, left atrial; LV, left ventricular; MI, myocardial
infarction; MVD, mitral valve disease; SD, standard deviation.
*P < 0.05 determined by Wilcoxon rank sum test for continuous variables, and
Fisher’s exact test for categorical values.
aData missing from n = 2 Control and n = 4 Obese patients.
bMetformin (n = 3), Sitagliptin (n = 3), Glibenclamide (n = 1), Dapagliflozin (n = 1).

1748 L. Scott Jr et al.
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..Atrial-effective-refractory period (AERP) was assessed with S1-S2-
pacing at a CL of 100 ms.

A 5 ms pulse width and 5 V pulse amplitude were applied. Mapping
results were analysed by ElectroMap, an established open-source soft-
ware.32 For 10 Hz pacing, activation maps were generated based on the
depolarization midpoint value. Conduction velocity (CV) was calculated
by multi-vector method for entire right atrium (RA).32,33 Action poten-
tial duration (APD) at 20%, 50%, 70%, and 90% repolarization was calcu-
lated for RA. For each value, the average of 10 consecutive beats at
10 Hz pacing were calculated for each mouse.

2.7 Ca2þ imaging
Atrial cardiomyocytes were isolated using established methods and
stored in KB solution at room temperature.23,34,35 Isolated atrial cardio-
myocytes were loaded with Fluo-4-AM (2.5mmol/L) at room tempera-
ture for 30 min before imaging. Confocal line scan imaging was applied to

the healthy atrial cardiomyocytes that followed 1 Hz pacing. 1 mmol/L
caffeine was applied to cells to assess the sarcoplasmic reticulum (SR)
Ca2þ load. Ca2þ-spark frequency (CaSF) during diastole was calculated
using SparkMaster.36

2.8 Statistical analysis
Numerical data were presented as the mean ± SEM (for animal
studies) and mean ± SD (for human studies). Two-tailed Student’s
t-tests were used to compare data between two groups with nor-
mal distributed values. ANOVA with post hoc Sidak tests were
used comparing normally distributed data with multiple comparisons.
Kruskal–Wallis test with post hoc Dunn tests were used to com-
pare nonparametric data with multiple comparisons. Fisher’s exact
test was used to compare categorical data. A P-value <0.05 was
considered statistically significant.

Figure 1 NLRP3 inflammasome correlates with increased body weight in patients. (A) Quantification of BMI in non-obese control (Ctl) and obese (Ob)
patients. Representative western blots and quantification of NLRP3 (B) and ASC (C) in atrial tissues of patients. Representative western blots (D) and quanti-
fication of pro-caspase-1 (Pro-Casp1, E), and active caspase-1 (p20, F) in atrial tissues of patients. Representative western blots (G) and quantification of pro-
IL-1b (H), and mature IL-1b (I) in atrial tissues of patients. *P < 0.05, **P < 0.01 using Student’s t-test.

NLRP3 inflammasome drives obesity-induced AF 1749
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..3. Results

3.1 Atrial NLRP3-inflammasome activity
correlates with body weight in both
patients and sheep
To elucidate the association between obesity and the NLRP3-
inflammasome activity in human atria, we utilized a cohort of human
RAA samples collected from non-obese control patients and obese
patients (Table 1). The body-mass index (BMI) was significantly higher in
the obese patients (34 ± 2 kg/m2) than in control patients (25 ± 1 kg/m2,
P < 0.001, Figure 1A). Western blots revealed that the levels of
precursor caspase-1 (Pro-Casp1, Figure 1D and E), cleaved caspase-1
(p20, Figure 1D and F), precursor IL-1b (Figure 1G and H), and mature IL-
1b (Figure 1G and I), were all significantly increased in the obese patients
compared to the non-obese control patients, despite the unchanged
protein levels of NLRP3 (Figure 1B) and ASC (Figure 1C). These results
suggest that ‘triggering’ (assembly and thus activation) but not ‘priming’
(increased transcription of the components) mechanisms contribute to
the NLRP3-inflammasome activation with obesity.

Since co-morbidities and risk factors could confound the NLRP3-
inflammasome activation in human atria, we confirmed our human
results in atrial samples collected from a previously-established sheep
model of obesity (Figure 2A).23 Obese sheep showed a greater tendency
to develop pacing-induced AF relative to lean sheep (Figure 2B). The du-
ration of inducible-AF was also significantly increased in obese sheep
compared to the lean sheep (Figure 2C), suggesting the presence of an
obesity-related reentry-promoting substrate, which was associated with
a shortening of the AERP (Figure 2D). As expected, the levels of Pro-
Casp1 and mature IL-1b were higher in the RAA samples of obese

compared to lean sheep (Figure 2E–H). These results validate that obe-
sity or enhanced body weight promote atrial NLRP3-inflammasome
activation.

3.2 Diet-induced obesity activates the
NLRP3 inflammasome in mouse atria
To elucidate the role of NLRP3 in obesity-related atrial arrhythmogene-
sis, we established the diet-induced obese mouse model by subjecting
WT and NLRP3-/- mice to NC and HFD, respectively. At the age of
6 weeks, there was no difference in baseline BW between the age-
matched WT (22.0 ± 0.3g) and NLRP3-/- (21.4± 0.3g, P = 0.954) mice.
About 10 weeks later, WT mice subjected to HFD (WTþHFD) gained
more BW than WT mice that received NC (WTþNC) (37.4 ± 1.1g vs.
31.4 ± 0.6g, P < 0.0001, Figure 3A). The inguinal and epididymal white adi-
pose tissue (iWAT, eWAT) were more abundant in WTþHFD mice vs.
the WTþNC controls (P < 0.05, P < 0.001) (Figure 3B). Similarly,
NLRP3-/- mice fed with HFD (NLRP3-/-þHFD) also gained more weight
(NLRP3-/-þNC: 31.6± 0.9g vs. NLRP3-/-þHFD: 38.2± 0.7g, P < 0.001)
and accumulated more iWAT and eWAT compared to NC-fed NLRP3-/

- mice (NLRP3-/-þNC) (Figure 3A and B). Relative to baseline BW, the
percentage weight gain in WT and NLRP3-/- mice after 10 weeks HFD
feeding were similar (WTþHFD: 72.4± 2.0% vs. NLRP3-/-þHFD:
77.3 ± 2.1%, Supplementary material online, Figure S2). The excessive ac-
cumulation of adipose tissue in HFD-treated mice further confirmed the
development of diet-induced obesity in both WT and NLRP3-/- mice.

To determine whether the levels of glucose and insulin are altered af-
ter 10 weeks of HFD, glucose tolerance tests (GTT) and insulin toler-
ance tests (ITT) were performed. Similar to previous reports, glucose
level during GTT was increased in WTþHFD mice compared to

Figure 2 Enhanced NLRP3 inflammasome activity in atrial samples of obese sheep. Quantification of body weight (BW, A), AF inducibility (B), duration of
the inducible AF (C), AERP (D) in lean control (Ctl) and obese (Ob) sheep. Representative western blots of Caspase-1 (E) and IL-1b (G) in Ctl and Ob sheep.
Quantification of pro-Casp1 (F) and mature IL-1b (H) in Ctl and Ob sheep. *P < 0.05, ***P < 0.001 using Student’s t-test.

1750 L. Scott Jr et al.
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Figure 3 Diet-induced obesity promotes activation of NLRP3 inflammasome in atria. (A) Weekly body weight (BW) measurements in WT and NLRP3-/-

mice fed with normal chow (NC) or high-fat-diet (HFD), respectively (N = 13 WTþNC, 19 WTþHFD, 12 NLRP3-/-þNC, 17 NLRP3-/-þHFD). (B)
Quantification of iWAT and eWAT normalized to tibial length (TL) in WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD, respectively. (C and D)
Plasma level of glucose during glucose-tolerance test (GTT, C) and insulin-tolerance test (ITT, D) in WT and NLRP3-/- mice after 10 weeks’ feeding of NC
or HFD, respectively (N = 9 WTþNC, 10 WTþHFD, 6 NLRP3-/-þNC, 3 NLRP3-/-þHFD). (E–G) Representative western blots (E) and quantification of
Pro-Casp1 (F) and p20 (G) in atrial tissues of WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD. (H) mRNA levels of Hspa5 in atrial tissues of
WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD, respectively. (I and J) Representative western blots and quantification of HSPA5 protein level
in atrial tissues of non-obese control (Ctl) and obese (Ob) patients. *P < 0.05, **P < 0.01, ***P < 0.001 determined by Sidak test following one-way
ANOVA.

NLRP3 inflammasome drives obesity-induced AF 1751
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WTþNC mice (Figure 3C and Supplementary material online, Figure S3).
NLRP3-/-þHFD mice also exhibited a higher glucose level than NLRP3-/

-þNC mice (Figure 3C and Supplementary material online, Figure S3).
However, during the ITT, glucose clearance profiles were comparable
among the tested groups (Figure 3D). These results suggest that 10 weeks
HFD promoted the development of a pre-diabetic obese phenotype,
and inhibition of NLRP3 did not impede the development of obesity and
glucose intolerance associated with obesity.

To evaluate whether obesity activates the NLRP3 inflammasome in
mouse atria, we measured the protein levels of Pro-Casp1 and activate
p20 in atrial tissues harvested from the WTþNC, WTþHFD, NLRP3-/

-þNC, and NLRP3-/-þHFD mice. We found that Pro-Casp1 and p20
(Figure 3E–G) were significantly increased in WTþHFD compared with
the WTþNC mice, whereas the protein increases in Pro-Casp1 and p20
were absent in NLRP3-/-þHFD compared to NLRP3-/-þNC mice. To
determine whether HFD led to systemic inflammation, we measured in-
flammatory markers in blood. The serum levels of IL-1b, IL-18, and the
inflammatory marker C-reactive protein (CRP) were unchanged in mice
that received HFD, compared to the mice that received NC
(Supplementary material online, Figure S4). Similarly, the CRP and circu-
lating leucocyte levels were comparable between non-obese control
patients and obese patients (Table 1), indicative of the lack of systematic
inflammatory response. These results suggest obesity caused an atrial-
specific activation of the NLRP3-inflammasome in both our mouse and
human samples.

Previous work has shown that saturated fatty acids can activate
NLRP3 inflammasome via endoplasmic reticulum (ER) stress.37 Since
specific saturated fatty acids were enriched in the HFD, we sought to ex-
plore the potential involvement of ER stress in obesity-induced inflam-
masome activation in atria. To evaluate the levels of long-chain fatty
acids in atrial tissues of the 4 groups of mice, we employed targeted
metabolomics (Supplementary material online, Figure S5A). As expected,
we found that the palmitic acid level was consistently elevated in HFD-
treated WT and NLRP3-/- mice, compared with the NC-treated mice
(Supplementary material online, Figure S5B). To assess whether ER stress
is enhanced in HFD-fed mice, we evaluated the level of ER stress
marker—Hspa5 (encoding heat shock protein family A member 5,
HSPA5) by qPCR. The level of Hspa5 mRNA was significantly increased
in WTþHFD mice (P < 0.01 vs. WTþNC) (Figure 3H). Similarly, the pro-
tein level of HSPA5 was markedly increased in atrial samples of obese
patients (P < 0.01, Figure 3I and J). Genetic inhibition of NLRP3 attenu-
ated the HFD-induced upregulation of HSPA5 (NLRP3-/-þHFD vs.
WTþHFD, P < 0.05, Figure 3H) pointing to a causative link. These results
suggest that obesity is associated with markers of selective ER stress sig-
naling that might be a trigger of obesity-related NLRP3-inflammasome
activation.

3.3 NLRP3 inflammasome increases the
susceptibility to obesity-related AF
To determine whether obesity affects cardiac electrophysiology, we
measured the ECG parameters in all 4 groups of mice after 10 weeks
feeding. PQ-, QRS-, and QTc-intervals, sinus node recover time
(SNRT), and atrioventricular node effective refractory period
(AVNERP) parameters were all comparable among 4 groups of mice
(Supplementary material online, Table S1). Heart rate (HR) was faster
in WTþHFD mice than in WTþNC mice (P < 0.05), possibly due to
sympathetic overactivity associated with the obesity.38,39 In contrast,

HR was comparable between NLRP3-/-þNC and NLRP3-/-þHFD
mice (P = 0.112).

To determine whether obese mice were more susceptible to induc-
ible AF, rapid atrial pacing was performed to induce AF after 10 weeks
feeding. We found that both WTþNC (18.8%, n = 16) and NLRP3-/

-þNC (16.7%, n = 6) mice had very low susceptibility to pacing-induced
AF. However, compared to WTþNC mice, WTþHFD mice were
much more susceptible to pacing-induced AF, with an incidence of
82.4% (n = 17, P < 0.01 vs. WTþNC). In contrast, the incidence of
pacing-induced AF was reduced to 27.3% in NLRP3-/-þHFD mice
(n = 11, P < 0.05 vs. WTþHFD) (Figure 4A and B). Moreover, the maxi-
mum duration of AF episodes was significantly longer in WTþHFD mice
(40.2 ± 13.3 ms) than in WTþNC (6.8 ± 4.2 ms, P < 0.01) and NLRP3-/

-þHFD mice (13.1± 10.3 ms, P < 0.05, Figure 4C). These results establish
that diet-induced obesity increases AF susceptibility, which is strongly at-
tenuated by genetic NLRP3 inhibition.

To exclude that the increase in AF susceptibility in obese mice is due
to ventricular dysfunction, we assessed the ventricular structure and
contractility using echocardiography before and after 10 weeks feeding.
We found that ejection fraction (EF%), left ventricular diameters (end-
systolic diameter and end-diastolic diameter), and thickness of the left-
ventricular-posterior-wall (LVPW) were comparable among all 4 groups
of mice at both timepoints (Figure 4D–G; Supplementary material online,
Table S2 and Figure S6). Thus, the increased AF inducibility in the diet-
induced obesity mice is primarily due to atrial remodeling in the absence
of left ventricular dysfunction.

3.4 NLRP3 inflammasome creates a
reentry substrate for obesity-related AF
To delineate the pro-arrhythmic components of the obesity-related AF-
promoting substrate, we performed optical mapping to assess the CV
and AERP. We revealed that CV in RA at 10 Hz pacing (pacing cycle
length 100 ms) was comparable between HFD-fed WT and NLRP3-/-

mice, despite the slightly decreased CV in NC-fed NLRP3-/- mice com-
pared to NC-fed WT mice (P = 0.064, Figure 5A and B). AERP was signifi-
cantly shorter in WTþHFD compared to WTþNC mice (9.8 ± 0.6 ms
vs. 17± 1.6 ms, P < 0.01, Figure 5C), pointing to the evolution of a
reentry-promoting atrial substrate. APD90 was shorter in WTþHFD
mice compared to other mouse groups, while APD20, APD50, and
APD70 were similar among all groups (Figure 5D). NLRP3 deficiency elim-
inated the differences between NLRP3-/-þNC and NLRP3-/-þHFD mice
(AERP: 14.1 ± 2.3 ms vs. 13.3 ± 1.5 ms, P = 0.385, Figure 5C), indicating
that the inhibition of NLRP3 prevented the obesity-induced shortening
of AERP and APD90.

To further delineate the potential molecular mechanisms underlying
the shortening of AERP and APD, we evaluated the expression of major
ion-channel subunits including voltage-dependent Naþ-channel
(Nav1.5), a-subunit of L-type Ca2þ-channel (Cav1.2), and ultra-rapid
delayed-rectifier Kþ-channel (Kv1.5) in atrial tissue of obese patients and
obese mice. We found that the protein levels of Nav1.5 and Cav1.2
were comparable between obese patients and control patients and NC-
and HFD-fed WT and NLRP3-/- mice (Supplementary material online,
Figure S7A–D). We have previously shown that constitutive activation of
NLRP3 in a cardiomyocyte-specific knockin mouse model reduces AERP
by enhancing the expression and function of Kv1.5. Accordingly, Kcna5
(encoding Kv1.5) mRNA and Kv1.5 protein levels were upregulated in
WTþHFD compared to WTþNC mice (P < 0.05, Figure 5E and F).
Consistent with the correction in AERP, Kcna5 mRNA and Kv1.5 protein
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..levels were normalized in NLRP3-/-þHFD mice (P < 0.01, P < 0.05 vs.
WTþHFD, Figure 5E and F). Moreover, the Kv1.5 protein levels were
strongly increased in the atria of obese patients, compared to control
patients, phenocopying WTþHFD mice (P < 0.05, Figure 5G). These
results position the NLRP3-mediated Kv1.5 upregulation as a major con-
tributor to electrical remodeling in obesity-induced AF.

Previous work showed that activation of NLRP3 could cause hyper-
trophy and fibrosis in the heart.23 To evaluate whether atria are dilated
in obese mice, echography was performed to assess the LA dimen-
sions.40,41 The superoinferior, anteroposterior, and mediolateral dimen-
sions, and LA volume were comparable among 4 groups of mice
(Supplementary material online, Table S3 and Figure S8). This result sug-
gests that atrial dilation is not a contributing factor to the development

of the AF substrate in HFD fed mice. We then assessed whether fibrosis
potentially contributes to the reentry-promoting atrial substrate in obe-
sity. We found that the protein levels of collagen-1 (COL1A) and a-
smooth muscle actin (a-SMA) were higher in obese than in control
patients (Figure 6A–C), whereas fibronectin-1 (FN1), vimentin, and matrix
metallopeptidase 9 (MMP9) were similar in both group (Figure 6D and E).
HFD-fed WT similarly showed more atrial fibrosis based on histology
(Figure 6F) and increases in mRNA levels of profibrotic a-SMA (Acta2),
vimentin (Vim), and fibronectin (Fn1), phenocopying the structural
changes in atria of obese patients (Figure 6G). Moreover, HFD-fed
NLRP3-/- mice showed less fibrosis (Figure 6F) and normalized mRNA
levels of Acta2, Vim, and Fn1, validating the causal relationship between
NLRP3 and profibrotic atrial remodeling in obesity (Figure 6G).

Figure 4 NLRP3 inflammasome upregulation increases the susceptibility to obesity-related AF inducibility. (A) Representative recordings of lead-2 surface
ECG and intracardiac electrograms in WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD, respectively. (B) The incidence of pacing-induced re-
producible AF. *P < 0.05 determined by Fisher’s exact test. (C) The maximum duration of pacing-induced AF. *P < 0.05, **P < 0.01 determined by Kruskal–
Wallis test. (C) Representative M-mode echocardiograph. (D–F) Summary of ejection fraction (EF%, D), end-systolic diameter (ESD, E), and end-diastolic di-
ameter (EDD, F) of WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD, respectively. P > 0.05 determined by Sidak test following one-way
ANOVA.
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Figure 5 NLRP3 inflammasome contributes to the evolution of a pro-arrhythmic substrate for AF. (A) Representative optical di-4-ANEPPS signal and acti-
vation maps from optical mapping study. (B) Summary of conduction velocity (CV) in right atrium, and (C) atrial effective refractory period (AERP) in atria of
WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD, respectively. (D) Action potential duration (APD) at 20%, 50%, 70%, and 90% repolarization
in right atrium. The relative level of Kcna5 mRNA (E) and Kv1.5 protein (F) in atria of WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD, respec-
tively. *P < 0.05, **P < 0.01 determined by Sidak test following one-way ANOVA. (G) Representative western blots and quantification of Kv1.5 protein level
in atrial tissues of non-obese control (Ctl) and obese (Ob) patients. P = 0.09 determined by Student’s t-test.
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Figure 6 NLRP3 promotes atrial fibrosis in obesity-related AF. Representative western blots and quantification of collagen 1 A (COL1A, A), alpha-smooth
muscle actin (a-SMA, B), vimentin (C), fibronectin-1 (FN1, D), and matrix metallopeptidase 9 (MMP9, E) protein in atrial tissues of non-obese control (Ctl)
and obese (Ob) patients. *P < 0.05 determined by Student’s t-test. (F) Representative Masson’s trichrome staining in whole hearts of WT and NLRP3-/- mice
after 10 weeks’ feeding of NC or HFD, respectively. (G) Relative levels of Col1a, Acta2, Vim, Fn1, and Mmp9 in atrial tissues of WT and NLRP3-/- mice after 10
weeks’ feeding of NC or HFD, respectively. *P < 0.05, **P < 0.01 determined by Sidak test following one-way ANOVA.
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..3.5 NLRP3 inflammasome promotes
aberrant diastolic Ca2þ leak in obesity-
related AF
Abnormal Ca2þ release via sarcoplasmic reticulum (SR) is an important
cellular mechanism contributing to both ectopic (triggered) activity and
reentry.42 To determine whether obesity promotes spontaneous SR
Ca2þ-release events (SCaEs), we assessed Ca2þ sparks and Ca2þ transi-
ents (CaTs) in atrial cardiomyocytes isolated from the 4 groups of mice.

Compared with the WTþNC mice, Ca2þ-spark frequency (CaSF) was
increased in WTþHFD mice (3.6 ± 0.5 vs. 5.9 ± 0.7 sparks/100mm/s,
P < 0.01, Figure 7A and B), while SR Ca2þ-load (Figure 7C and D), ampli-
tude and rate-constant of electrically stimulated CaTs (KCaT) and
caffeine-induced CaT (KCaff) were unchanged (Supplementary material
online, Figure S9A–C). SCaEs were more frequently observed in
WTþHFD than WTþNC mice (P < 0.01, Figure 7D and E). Most impor-
tant, NLRP3-/-þHFD mice exhibited less CaSF (3.8± 0.4 sparks/100mm/

Figure 7 NLRP3 promotes aberrant sarcoplasmic reticulum (SR) Ca2þ release in obesity-related AF. (A) Representative Ca2þ-spark recordings, (B) quan-
tification of Ca2þ-spark frequency (CaSF), and (C) estimation of SR Ca2þ-load in atrial cardiomyocytes of WT and NLRP3-/- mice after 10 weeks’ feeding of
NC or HFD, respectively. **P < 0.01 determined by Sidak test following one-way ANOVA. (D) Representative recordings of pacing-induced Ca2þ-transients
(CaT), followed by spontaneous Ca2þ-release events (SCaEs) and caffeine (10 mmol/L)-induced SR Ca2þ release as an index of SR Ca2þ-load. (E)
Quantification of SCaEs in atrial cardiomyocytes, **P < 0.01 determined by Student’s t-test. (F) representative western blots and quantification of SERCA2a
protein levels in atrial tissues of WT and NLRP3-/- mice after 10 weeks’ feeding of NC or HFD, respectively. *P < 0.05, **P < 0.01 determined by Sidak test
following one-way ANOVA.
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..s, P < 0.01, Figure 7A and B) and SCaEs (P < 0.01, Figure 7D and E) than
WTþHFD mice, while SR Ca2þ-load, amplitude, KCaT, and KCaff

remained comparable. Previous work showed that NLRP3 could activate
CaMKII thereby increasing S2814-phosphorylation of RyR2 and Ca2þ-
spark frequency.22 However, the protein levels of total and T287-
autophophorylated (activated) CaMKII were comparable between
obese vs. control patients and NC- vs. HFD-fed WT and NLRP3-/- mice.
Additionally, there was no difference in phosphorylated RyR2-S2814,
and PLB-T17 among the 4 mouse groups (Supplementary material on-
line, Figure S9D–G). Thus, CaMKII does not appear to be a key upstream
regulator of atrial NLRP3 in this model of obesity. Moreover, the levels
of phosphorylated RyR2-S2808 (PKA-phosphorylation site)43 and phos-
phorylated RyR2-S2367 (SPEG-phosphorylation site),44 and other major
RyR2-regulatory and Ca2þ-handling proteins (calsequestrin-2,
junctophilin-2, and Naþ/Ca2þ exchanger-1) were comparable among
the 4 groups of mice (Supplementary material online, Figure S10), with
the exception of sarcoplasmic/endoplasmic reticulum Ca2þ ATPase-2a
(SERCA2a). We found that the SERCA2a protein was increased by 50%
in WTþHFD mice than in WTþNC mice (P < 0.01, Figure 7F), which
was attenuated in NLRP3-/-þHFD mice (P < 0.05, Figure 7F). These
results suggest that more Ca2þ could be sequestered into SR via
SERCA2a in atrial myocytes of HFD fed mice, which could contribute to
SR Ca2þ leak. Overall, these data indicate that obesity-induced NLRP3
activation produces abnormal Ca2þ handling and SR Ca2þ leak that may
contribute to both AF-promoting triggered activity and reentry.

4. Discussion

Obesity and inflammation are two independent risk factors of AF.
Obesity is frequently associated with enhanced inflammatory responses.
However, whether and how inflammatory signaling mediates atrial
arrhythmogenesis in the context of obesity is largely unknown. In this
study, we report that: (i) activity of the NLRP3 inflammasome increases
with BMI elevation in patients; (ii) HFD-induced obesity promotes
NLRP3-inflammasome activation in both sheep and mice; (iii) the
obesity-induced enhancement of AF susceptibility is driven by the
NLRP3 inflammasome; and (iv) selective inhibition of NLRP3 prevents
the development of the reentry substrate and abnormal Ca2þ release in
obese mice, thereby preventing obesity-related AF. Our data also point
to fatty acid-induced ER stress as a potential trigger of obesity-associated
NLRP3-inflammasome activation, a hypothesis that needs direct testing
in subsequent work.

Obesity is a modifiable risk factor of AF.9,45 BMI correlates significantly
with a higher risk of AF development.46 It is known that greater BMI is as-
sociated with increased AF burden and an enhanced incidence of post-
operative AF occurrence,7,8 whereas weight loss reduces AF risk.47,48

These studies point to the causal association between obesity and AF
pathogenesis. The molecular mechanisms underlying obesity-induced
atrial arrhythmogenesis appears complex. Our data are the first to dem-
onstrate that atrial NLRP3 inflammasome activity is required for obesity-
induced AF arrhythmogenesis. We show that activity of the NLRP3
inflammasome is enhanced in atrial tissue of obese patients and in two
animal models (i.e. sheep and mouse) of HFD-driven obesity. The lack of
systematic inflammatory response in both human and mouse samples
suggest that the local atrial tissue-specific enhancement of NLRP3 inflam-
masome activity drives AF in obesity.

The activation of the NLRP3 inflammasome requires two-steps
known as ‘priming’ (transcription) and ‘triggering’ (assembly) pro-
cesses.20,21,49 Previous studies have shown that fatty acids can promote
‘triggering’ of the NLRP3 inflammasome via activation of ER stress in
macrophages.37 The molecular chaperone HSP5A (also known as the
glucose-regulated protein of 78 kDa, GRP78) which normally resides
near the ER, can act as a master controller of the unfolded protein re-
sponse (UPR).50 In macrophages, transcriptional upregulation of the
NLRP3 inflammasome effector cytokines IL-1b and IL-18 is mediated
through IRE1a (Inositol-Requiring Enzyme 1) upon dissociation of
HSP5A.51 Therefore, our results suggest that the increased expression
and mobilization of HSP5A within atrial cardiomyocytes permits the
transcription of UPR target genes, and drives NLRP3-inflammasome ac-
tivity to promote inflammatory remodeling and AF development.
Interestingly, the diet-induced increase in HSPA5 level was blunted by
genetic deletion of NLRP3. This result points to a putative feedforward
loop between NLRP3-inflammasome upregulation and ER-stress activa-
tion, which should amplify and spread atrial inflammatory signaling.
However, whether the components or the effectors of NLRP3 inflam-
masome (e.g. Casp1 and IL-1b) are driving ER stress should be defined in
future studies.

Previously, we have shown that the cardiomyocyte-specific activation
of NLRP3 in a knock-in mouse model is sufficient to enhance AF induc-
ibility via abbreviation of atrial refractoriness, a known substrate for
AF.23 Consistent with this report, increased NLRP3 expression in diet-
induced obesity in mice was associated with shortened AERP, which was
prevented by genetic NLRP3 inhibition. As in the mouse model with
constitutive NLRP3 activation,23 the expression of Kv1.5 channels was
elevated in both atria of patients with increased BMI and mice with diet-
induced obesity. The elevated Kv1.5 protein levels and the abbreviation
of AERP in obese mice were corrected by NLRP3 inhibition. Thus,
NLRP3 might directly regulate the transcription of Kcna5, which deems
further detailed investigation.

Our observations in diet-induced obese mice are consistent with a re-
cent report by McCauley et al.11 that showed that WT mice with HFD
challenge for 10 weeks exhibit APD shortening in atrial cardiomyocytes,
slow conduction in left atrium, increased atrial fibrosis, and unchanged
left atrial diameter. These authors also showed that both reduced func-
tion of Nav1.5 and Cav1.2 channels, and enhanced amplitude of Kv1.5
currents contribute to APD shortening, while we only observed an upre-
gulation of Kv1.5 along with unchanged levels of Nav1.5 and Cav1.2 pro-
teins in both obese mice and obese patients. Because we did not
functionally analyse INa, ICa, L, and IKur with patch clamp, we cannot ex-
clude a potential contribution of altered Nav1.5 and Cav1.2 function in
our mouse model. In addition, CV was normal in RA of our obese mice,
whereas McCauley et al.11 detected a slowed CV in the left atrium of
their obese mice. These different findings could result from chamber-
specific effects of obesity, differences in employed methods for CV analy-
sis or a combination of both. Subsequent work should directly address
these possibilities.

Our study has limitations. The obese patients exhibit other comorbid-
ities including diabetes and hypertension. Patients in the obesity group
were treated with anti-diabetic medications and/or insulin. This should
be considered when interpreting our human results. Due to technical
challenges, we used the right atrial appendage from patients for bio-
chemical analysis, and only analysed the AERP, CV, and APDs in RA of
mice; therefore, this part of our results might not apply to the left atrium.
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Although we observed abnormal SR Ca2þ leak in obesity, pointing to
RyR2 dysfunction, the precise molecular mechanisms remain unclear.
Proper control of protein phosphorylation is key for the function of car-
diomyocyte proteins,52 but phosphorylation level of 3 known serine sites
on RyR2 was unchanged in obese mice. Thus, the precise molecular
mechanisms of RyR2 dysfunction remain unclear and require further in-
depth investigation. Several studies have suggested that obesity is associ-
ated with oxidative stress and increased reactive oxygen species (ROS)
production which can directly modulate the function of CaMKII and
RyR2.11,53–55 Thus, the precise relationship between obesity, ROS,
NLRP3-inflammasome activation, and AF should be addressed in follow-
up studies with selective targeting of the different sources of ROS pro-
duction. We used whole-body NLRP3-/- mice in our study, which may
render compensatory or non-physiological changes; thus, our findings
need validation with cardiac-restricted or atrial selective genetic manipu-
lation of the NLRP3 inflammasome. In addition, previous work has pro-
vided evidence that NLRP3 could function as a transcription co-
activator,56 suggesting potential inflammatory signaling independent
effects of NLRP3 that need further delineation in subsequent work. To
determine the therapeutic anti-AF potential of NLRP3-inhibition in obe-
sity, proper-controlled follow-up studies are required to establish the
optimal duration, dose, window of opportunity, and administration route
for a specific NLRP3-inhibitor (e.g. MCC950) in diet-induced obesity ani-
mal models as a pre-clinical study.

In conclusion, our study reveals that the NLRP3 inflammasome is an
essential mechanistic link between obesity and atrial arrhythmogenesis.
Our data suggest that selective inhibition of the NLRP3 inflammasome
could prevent or reduce the risk of AF in obese patients who are
unable to lose weight. The NLRP3 inflammasome might constitute a
novel pharmacological approach for the prevention and treatment of AF
patients.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Obesity and inflammation are two well-established risk factors of atrial fibrillation (AF). Our study is the first to establish that NLRP3 inflamma-
some—an innate inflammatory signaling—is a nodal signal mediating the atrial arrhythmogenesis in the context of obesity. Inhibition of NLRP3
inflammasome prevents the obesity-induced development of ectopic activity and a reentry substrate for AF in mice. Our study provides a proof-of-
concept that targeting the NLRP3 inflammasome or its downstream effectors (e.g. caspase-1, IL-1b) may be beneficial for AF-prevention in obese
patients.
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