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Abstract | Inflammation has been implicated in atrial fibrillation (AF), a very common and
clinically significant cardiac rhythm disturbance, but its precise role remains poorly understood.
Work performed over the past 5 years suggests that atrial cardiomyocytes have inflammatory
signalling machinery — in particular, components of the NLRP3 (NACHT-, LRR- and pyrin
domain-containing 3) inflammasome — that is activated in animal models and patients with AF.
Furthermore, work in animal models suggests that NLRP3 inflammasome activation in atrial
cardiomyocytes might be a sufficient and necessary condition for AF occurrence. In this Review,
we evaluate the evidence for the role and pathophysiological significance of cardiomyocyte
NLRP3 signalling in AF. We first summarize the evidence for a role of inflammation in AF and
review the biochemical properties of the NLRP3 inflammasome, as defined primarily in studies

of classic inflammation. We then briefly consider the broader evidence for a role of inflammatory
signalling in heart disease, particularly conditions that predispose individuals to develop AF.

We provide a detailed discussion of the available information about atrial cardiomyocyte NLRP3
inflammasome signalling in AF and related conditions and evaluate the possibility that similar
signalling might be important in non-myocyte cardiac cells. We then review the evidence on the
role of active resolution of inflammation and its potential importance in suppressing AF-related
inflammatory signalling. Finally, we consider the therapeutic potential and broader implications
of this new knowledge and highlight crucial questions to be addressed in future research.

Atrial fibrillation (AF) is a common and important clin-
ical condition, associated with substantial morbidity and
mortality related to a host of potentially serious com-
plications, such as cardiomyopathy, heart failure (HF)
and stroke'. A variety of treatment approaches for AF
are available, including antiarrhythmic drugs to pro-
mote maintenance of normal sinus rhythm, bradycardic
agents to prevent excessively rapid heart rates, anticoag-
ulant drugs to prevent thromboembolism and ablation
procedures to promote maintenance of sinus rhythm.
Although each of these approaches is useful, they all
have potential limitations and adverse effects, leaving a
substantial unmet need for therapeutic innovation’.

A role of inflammation in AF has been suspected
for >20 years®, and considerable evidence has subse-
quently accrued”. Nevertheless, the benefits of traditional
anti-inflammatory agents for the treatment of AF have
been small and unconvincing overall’. Although the classic

view is that inflammation results from the production of
cytokines by a variety of infiltrating white cells in response
to tissue injury and/or immune cell responses, evidence
has begun to emerge that other cell types, including
cardiomyocytes, can have potentially important inflam-
matory signalling that results in tissue pathology and
remodelling. In this article, we review the evidence sug-
gesting the pathophysiological relevance of cardiomyocyte
inflammatory signalling in AF and consider the potential
therapeutic opportunities associated with these signal-
ling pathways. We also provide the essential contextual
background, in terms of the relevant biochemical com-
ponents, the evidence for a role of inflammation in heart
disease and more specifically in AFE the possible involve-
ment of inflammatory signalling in non-inflammatory,
non-myocyte cardiac cells (such as fibroblasts and adipo-
cytes) and the potential utility of promoting the resolution
of inflammation in protecting against AE.
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Key points

e Atrial fibrillation is the most common cardiac arrhythmia, and new insights into the
pathophysiological mechanisms are required to improve the available therapeutic
options.

¢ Although inflammation has been thought to have a role in atrial fibrillation for
>20 years, the precise nature of the association has proved elusive.

* Work over the past 5 years has revealed a key role for inflammatory signalling in
cardiomyocytes in atrial fibrillation development, revealing the importance of
non-leukocyte cardiac cells in mediating disease-promoting cardiac inflammation.

* The NLRP3 inflammasome in particular has been implicated in cardiomyocyte-mediated
inflammatory signalling in atrial fibrillation.

* The active resolution of inflammation is thought to be mediated by endogenous
bioactive agents, which can be administered as pharmaceutical products to attenuate
the development of chronic conditions such as atrial fibrillation.

Inflammation, heart disease and AF

Inflammation is part of the response to infection and
injury and is intimately involved in defence and heal-
ing processes. Distinct forms of inflammation result
from sterile inflammatory signals (such as those gen-
erated by tissue injury and autoantigens, termed
damage-associated molecular patterns (DAMPs))® and
signals derived from exogenous pathogens (termed
pathogen-associated molecular patterns (PAMPs))°.
Bioactive signals promote the recruitment of innate
immune cells to confine and neutralize the targeted
threat and to begin the healing process. However, when
the inflammatory response persists beyond the original
threat, chronic inflammation can cause adverse tissue
remodelling and disease. Growing evidence suggests a
direct link between systemic or local inflammation and
AF development (TABLE 1).

Inflammatory conditions associated with clinical AF.
Available evidence indicates a relationship between AF
and systemic inflammation in patients with autoim-
mune diseases, such as rheumatoid arthritis’, psoriasis®,
inflammatory bowel disease’ and sepsis'®" (TABLE 1).
In patients with sepsis, the incidence of new-onset
AF ranges between 1.9% and 40%'*""°, with patients
with severe sepsis or septic shock having a higher
incidence of new-onset AF than patients with milder
forms of sepsis'"'*". Risk factors associated with AF
onset include advanced age''~'>'>*’, male sex'"*’, white
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ethnicity''"", obesity'', HF'>'%*, renal failure'*, chronic
liver disease”, organ failure'’, pulmonary catheter use",
and chronic respiratory disease and failure'**, although
new-onset AF also develops in patients with no cardio-
vascular co-morbidities””. In addition, in patients with
sepsis, new-onset AF is associated with increased risks of
stroke'"'*' and in-hospital death''>'>'"*" and long-term
(5-year) risks of hospitalization for HE, ischaemic stroke
and death™.

Local cardiac inflammatory conditions, including
pericarditis and myocarditis, also increase the inci-
dence of AF (TABLE 1). The incidence of new-onset
AF in patients with pericarditis ranges between 4.3%
and 46%*'~*, with spontaneous cardioversion to sinus
rhythm occurring in 74.3% of patients within 24 h*, but
with a significant rate of recurrence during 30 months of
follow-up (34.3% in patients with AF at the initial epi-
sode versus 0.9% in patients with pericarditis without
initial AF; P<0.001)*.

During hospitalization, up to 26.9% of patients with
acute myocarditis develop new-onset AF”. Among
patients with myocarditis, mortality was higher in patients
with AF than in those in sinus rhythm?®. Although some
studies found normal left ventricular (LV) function and
left atrial size in patients with myocarditis and AF*-*,
other work showed that myocarditis-related AF was
more often associated with chronic HF and an enlarged
left atrium®-*’. Finally, serious coronavirus disease 2019
(COVID-19) causes a major systemic inflammatory
response and is associated with the development of
a wide variety of arrhythmias, of which AF is one of the

most common®"*2,

Insights from animal models on inflammation-associated
AF. Animal models of systemic or local inflammation
support the link between inflammation and AF (TABLE 2).
Animals with sepsis, which have increased atrial infiltra-
tion of inflammatory macrophages and CD68* cells*,
have increased vulnerability to pacing-induced AF***.
In animal models of lipopolysaccharide (LPS)-induced
sepsis, the action potential duration and atrial effec-
tive refractory period decrease as a result of reduced
L-type Ca’* current (I.,;) and increased I, (rapid
component of the delayed rectifier K* current) and I,
(slow component of the delayed rectifier K* current),
together with slowed conduction velocity**, point-
ing to re-entry as a potential mechanism. The atrial
activity of the Ca®*/calmodulin-dependent protein
kinase II (CaMKII) is higher during sepsis and causes
hyperphosphorylation of cardiac ryanodine receptor 2
(RYR2) channels at Ser2814, which, together with
increased Na*-Ca?"-exchanger levels, increases the
likelihood of spontaneous sarcoplasmic reticulum Ca**
release events™, promoting delayed afterdepolarizations
(DADs) and triggered activity’>"".

AF induced in animals with sterile pericarditis is
associated with heterogeneous conduction slowing®-*!,
together with reduced connexin 40 and connexin 43
expression®. In these animals, the atrial effective refrac-
tory period and action potential duration are shorter’*-*
or unchanged*~". Increased atrial ectopy*~*° in experi-
mental pericarditis is associated with DADs and cellular
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Table 1 | Examples of inflammatory conditions associated with clinical AF

Study

Sepsis

Walkey et al.
(2011)

Walkey et al.
(2013)

Kuipers et al.
(2014)

Walkey et al.
(2014)

Walkey et al.
(2016)

Koyfman
etal. (2015)

Klein
Klouwenberg
etal.(2017)

Chengetal.
(2017)

Bosch et al.
(2019)

Fernando
etal. (2020)

Ko et al.
(2021)

Longetal.
(2021)

Pericarditis

Spodick
(1976)

Spodick
(1984)

Nagahama
etal.(1998)

Study design

Retrospective cohort from
the California State Inpatient
Database

Representative 5% sample from

Medicare beneficiaries in the
USA

Systematic review including
11 studies (studies primarily
focused on postcardiotomy
were excluded)

Representative 5% sample from

Medicare beneficiaries who
survived hospitalization for
sepsis in the USA

Retrospective cohort study in

patients with AF during sepsis in

the USA

Retrospective cohort study
in patients with sepsisin an
intensive care unit in Israel

Retrospective cohort study
in patients with sepsis in
Netherlands

Retrospective cohort study in
survivors of septicaemia from
the Taiwan National Health
Insurance Database

Retrospective cohort study
in patients with suspected
infection in an intensive care
unitin the USA

Retrospective cohort study in

patients in an intensive care unit

in Canada

Retrospective cohort study in
patients with new AF diagnosis
from UMass Memorial Health

Retrospective cohort study in
patients with sepsis from the
MIMIC-Il database

Prospective study of

consecutive patients with acute

pericarditis

Study of consecutive patients
in sinus rhythm with acute
pericarditis and 24 h Holter

Number of AF phenotype

patients

3,144,787 Increase in new-onset AF in

(patients patients with versus without severe

with sepsis (OR 6.82); sepsis present in

pre-existing 14% of patients with new-onset AF

AF were

excluded)

= 25.5% of patients had an AF
diagnosis during the hospitalization
for sepsis; 7.2% had new-onset AR

- The incidence of new-onset AF
was 8%, 10% and 23% in critically ill
patients with sepsis, severe sepsis
or septic shock, respectively

133,722 24% had previous AF and 7% had
new-onset AF

39,693 =

200 81 patients (40.5%) had new-onset
AF, of whom 44 (54.3%) had a
history of AF

1,782 The cumulative risk of new-onset
AF was 10%, 22% and 40% in
patients with sepsis, severe sepsis
and septic shock, respectively

68,324 1.6% had pre-existing AF and 1.9%
had new-onset AF

9,528 2.5% had new-onset AF

15,014 10.3% had new-onset AF;
significant interaction between
new-onset AF and sepsis

185 34.6% of patients with new-onset
AF had sepsis as secondary
precipitant

7,528 16.5% had a history of AF

100 5% had new-onset AF (all among

the 24 patients with definite heart
disease)

50 (patients
with
previous

monitoring; all patients received arrhythmias
an anti-inflammatory agent (ibu- were
profen, aspirin orindomethacin) excluded)

Study of consecutive patients 398

with acute myocardial infarction

Of 105 patients with pericardial

effusion, 36 (34%) developed
new-onset AF

Other clinical findings Ref.

Risk factors for AF: advanced age,
male sex, white ethnicity, HF, obesity,
renal failure; increased risk of stroke
(OR 2.7) and in-hospital death (OR
1.07) in patients with severe sepsis and
new-onset AF

Risk factors for AF: advanced age,
white ethnicity; no association with
cardiovascular risk factors

Risk factors for AF: advanced age, white 3

ethnicity, organ failure, pulmonary artery
catheter use; increased mortality (five
studies) and risk of stroke (one study) in
patients with new-onset AF and sepsis

Increased long-term (5-year) risk of HF L

hospitalization, ischaemic stroke and
death in patients with new-onset AF
during sepsis

Reduced in-hospital mortality when w1

AF during sepsis was treated with
B-blockers compared with Ca** channel
blockers, digoxin or amiodarone

In-hospital mortality was similar 10

between patients with new-onset AF
and those with previous AF

Increased hospital stay and mortality in
the intensive care unit in patients with
new-onset AF during sepsis

Risk factors for AF: advanced age, 1
HF, respiratory failure; increased risk of
stroke with new-onset AF during sepsis

Increased mortality with new-onset AF
during sepsis

19

Risk factors for AF: advanced age, male 20

sex, HF, chronic respiratory disease, liver
disease, renal failure; increased mortality
with new-onset AF during sepsis

40% had no cardiac disease and 4

half of these patients had atrial ectopy;
in patients with heart disease, 66% had
atrial ectopy
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Table 1 (cont.) | Examples of inflammatory conditions associated with clinical AF

Study

Study design

Pericarditis (cont.)

Risti¢ et al.
(2000)

Talreja et al.
(2003)

Syed et al.
(2012)

Imazio et al.
(2015)

Myocarditis

Frustaci et al.
(1991)

Morgera
etal. (1992)

Frustaci et al.
(1997)

Fuenmayor
etal. (1997)

Larsen et al.
(2013)

Deluigi et al.
(2013)

Anderson
etal. (2014)

Blagova et al.
(2016)

Subahi et al.
(2019)

Adegbala
etal.(2019)

Rasal et al.
(2021)

Study of patients with acute
pericarditis

Study of patients with
constrictive pericarditis

Study of patients with
tuberculous pericarditis

Prospective, multicentre
study of patients with acute
pericarditis

Study of patients with ‘lone’
AF resistant to conventional
antiarrhythmic drugs

Study of patients with
myocarditis

Study of 14 patients with ‘lone’
AF resistant to conventional
antiarrhythmic drugs and 11
patients with Wolff-Parkinson—
White syndrome (as controls)

Study of eight patients with
acute myocarditis caused by
Chagas disease and 125 control
patients

Study of patients with atrial
giant cell myocarditis

Study of patients with
biopsy-proven myocarditis

Retrospective, multicentre
study of children with
myocarditis

Retrospective study of patients
with idiopathic arrhythmias

Retrospective study of patients
with acute myocarditis from the
US inpatient sample registry

Retrospective study of patients
with acute myocarditis from the
US Nationwide Inpatient Survey
Dataset

Prospective study of children
with acute myocarditis

Number of AF phenotype

patients

40

143

80

822

14

45

25

133

84

2,041

19

6,642

32,107

63

20% had new-onset AF without

predisposing myocardial or valvular

disease

31 patients (21%) had AF

20 patients (25%) had AF at
presentation; incidence of AF
decreased to zero by 6 months of
follow-up

4.3% developed new-onset AF
within 24 h of pericarditis onset;
17% of patients with AF had
structural heart disease; 74.3%

of patients had spontaneous
conversion to sinus rhythm within
24h; in a 30-month follow-up, AF
recurrence rate was higher in the
AF (35%) than in the sinus rhythm
(0.9%) group

Five patients had AF at
presentation associated with HF
and enlarged LA

AF and atrial flutter could be
induced by programmed electrical
stimulation in four patients with
Chagas disease

Four patients had AF with atrial
dilatation, mitral or tricuspid
regurgitation, or atrial mural
thrombus

After hospital admission, four
patients had AF associated with HF
and atrial dilatation

44 (2.2%) had reported AF or atrial
flutter

16 (84%) had AF (12 paroxysmal,
4 permanent)

602 (9%) had reported AF

26.9% had AF during
hospitalization

1.4% of children had AF during
hospitalization

AF, atrial fibrillation; HF, heart failure; LA, left atrium; LVEF, left ventricular ejection fraction.

Other clinical findings

Patients with AF were more likely to
have left ventricular systolic dysfunction
and higher serum levels of N-terminal
pro-B-type natriuretic peptide

Three patients showed active
myocarditis in left ventricular
endomyocardial biopsy samples; LVEF
>50%; LA <40 mm

Eight patients showed atrial myocarditis
in biopsy samples from right atrial
septum; LVEF 255%; LA <40 mm;

no conduction abnormalities

Normal LVEF and LA

15 (79%) had biopsy-proven myocarditis

Patients with AF were older and

more often were white and had HF,
hypertension, diabetes mellitus, chronic
obstructive pulmonary disease, renal
failure and coagulation disorder

Patients with AF were older, had more
co-morbidities and higher mortality

Ref.

243

244

245

246

247

248

249
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Table 2 | Examples of clear inflammatory settings leading to AF in experimental studies

Model
Sepsis

LPS-induced
sepsis

LPS-induced
sepsis

Pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Species

Guinea
pig

Rat

Dog

Dog

Dog

Goat

Rat

Phenotype

| Atrial cardiomyocyte APD

| Atrial Ca,1.2 levelsand | I,

1 Atrial K 11.1 levelsand 1 I,

1 Atrial K 7.1 levels and 1/,

1 NO production in atrial cells
1iNOS, but not eNOS, levels

1 Vulnerability to pacing-induced AF
| LVEF

| AERP, APD,, APD,;and APD,,

1 Atrial conduction time

1 CaMKIl-mediated RYR2 phosphorylation at Ser2814
| SERCA2A levels and | CaMKII-mediated phospholamban

phosphorylation at Thr17
1 NCX1 levels

1 Total and autophosphorylated CaMKll at Thr287

1 ROS and MDA

Abnormaliron metabolism (ferroptosis)

Rapid atrial pacing-induced AF on days 2-14 after surgery
Unstable re-entrant circuits with fibrillatory conduction

Underlying cellular and molecular mechanisms of AF not studied

Rapid atrial pacing-induced AF on day 2 after surgery

Prolonged intra-atrial conduction time

Increased plasma CRP level

Perimyocarditis and atrial inflammatory infiltrates with lipid degeneration

Interstitial fibrosis

Rapid atrial pacing-induced AF on day 4 after surgery

| Atrial conduction velocity

| Atrial connexin 40 and connexin 43 levels

| Atrial a-actinin level (myolysis)

1 Atrial vimentin level (fibrosis)

Rapid atrial pacing-induced AF on days 2—4 after surgery

1 Atrial myeloperoxidase level

Rapid atrial pacing-induced AF on day 2 after surgery

Shorter AERP
1 CRP,IL-6 and TNF levels in plasma

Perimyocarditis and atrial inflammatory infiltrates with lipid degeneration
Inducibility of AF by rapid atrial pacing was highest 72 h after surgery
| AERP 24 h to 21 days after surgery with loss of AERP rate adaptation

Normal atrial conduction velocity
1 CRP,IL-6 and TNF levels in plasma

1 Lymphocyte atrial infiltration, epicardial thickening, myocardial

rupture and necrosis

Rapid atrial pacing-induced AF on days 1-4 after surgery
1 Atrial levels of IL-6, IL-1f3, IL-17A and TGFB1
Perimyocarditis and atrial inflammatory infiltrates with lipid degeneration

Interstitial fibrosis (1 atrial levels of collagen 1, collagen 3, aSMA, MMP2
and MMP9 and | levels of TIMP2 and glycosylated TIMP3)

Intervention

Inhibition of NO production
eliminated the changesin APD and
ion currents

Suppression of ferroptosis prevented
AF and reduced oxidative stress and
Ca’*-handling dysregulation

AF duration and inducibility reduced
or suppressed by administration of
Dp,L-sotalol, JTV-519 (K201), AZD7009,
ibuprofen, methylprednisolone,
GAP-134, vanoxerine or ranolazine

AF and underlying tissue changes
were suppressed by atorvastatin
administration

AF inducibility and duration and
inflammatory indices were reduced
by administration of polyunsaturated
fatty acids

1 AF duration, but no increased AF
inducibility; suppressed inflammatory
indices with atorvastatin treatment

Neutralization of IL-17A reduced AF
susceptibility and AF duration and
suppressed inflammation and fibrosis

Refs.

250-272

273

43

42

49
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Table 2 (cont.) | Examples of clear inflammatory settings leading to AF in experimental studies

Model

Species

Pericarditis (cont.)

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Sterile
pericarditis

Rat

Pig

Rabbit

Rat

Rabbit

Rat

Minipig

Rat

Phenotype

Rapid atrial pacing-induced AF on day 3 after surgery
Inhomogeneous conduction
1 Atrial levels of IL-6, IL-1B, TGFP1, TNF, STAT3 and miR-21

Interstitial fibrosis (1 atrial levels of collagen 1, collagen 3 and aSMA)

Rapid atrial pacing-induced AF 7 days after surgery
| Sinus cycle length

Interstitial fibrosis

Atrial myolysis

Inflammation and leukocyte infiltration

1 Atrial premature contractions

1 Spontaneous burst firing in pulmonary veins at baseline
and with isoprenaline administration

| APD,, with reduced Ca 1.2 and K11.1 levels

Interstitial fibrosis

Rapid atrial pacing-induced AF on day 3 after surgery
Inhomogeneous conduction
1 Atrial IL-6, TGFB1, TNF and myeloperoxidase levels

Interstitial fibrosis (1 atrial collagen 1, collagen 3 and
aSMA levels)

1 Phosphorylation of STAT3, AKT and p38, but normal levels
of phosphorylated ERK and phosphorylated JNK

1 DAD:s and triggered activity in vitro in LA samples
1 Pacing-induced burst firing in vitro in LA samples
1 APD,, and APD,, normal APD,; in LA samples

1 Atrial IL-1a, IL-8 and CCL4 levels, but normal IL-17A and
IL-21 levels

IL-1B, TNF and MMP9 not detectable

Rapid atrial pacing-induced AF on day 3 after surgery
1 Atrial ectopy; AERP unchanged

1 APD,,, APD,,;,, APD, (I K* currents
1 TRPV4 in atrial fibroblasts

1 Atrial IL-6, TGFB1 and TNF levels

and /)

ek lsus

Interstitial fibrosis (1 atrial levels of collagen 1, collagen 3, aSMA,

and phosphorylated SMAD3, p38, AKT and STAT3)
Rapid atrial pacing-induced AF 14 days after surgery

Interstitial fibrosis

Rapid atrial pacing-induced AF on day 3 after surgery
1 Atrial ectopy and re-entrant activity
Normal AERP

1 Atrial IL-6, IL-1, MMP9 levels; plasma IL-6 level
unchanged

1 Myeloperoxidase level and CD68" cell numbers
Interstitial fibrosis (1 atrial aSMA level)
Heterogeneous Ca’* transient prolongation

1 Incidence of discordant alternans

1 Relative level of Ser2808-phosphorylated RYR2 and
Ser2814-phosphorylated RYR2 caused by downregulation
of total RYR2 level

1 Ca 1.2 levels and SERCA activity; normal NCX1 levels

Intervention

Administration of antagomir-21
and STAT3 inhibition reduced AF
susceptibility and suppressed
inflammation and fibrosis

Amiodarone treatment prevented AF

Histone deacetylase inhibition
prevented fibrosis and reduced
atrial premature contraction and
spontaneous burst firing

Colchicine administration suppressed
inflammation and fibrosis

Inhibition of TLR4 (with TAK-242),
RYR2 (with ryanodine) or CaMKII (with
KN-93) reduced pacing-induced burst
firing

TRPV4 inhibition reduced AF
susceptibility and suppressed
inflammation and fibrosis

Neutralization of IL-6 reduced atrial
ectopy and susceptibility to AF and
suppressed inflammation, fibrosis and
Ca’* handling abnormalities

Refs.

48

44

41

47

45

46
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Table 2 (cont.) | Examples of clear inflammatory settings leading to AF in experimental studies

Model
Myocarditis

Species

Autoimmune Rat
or LPS-

induced
myocarditis

Phenotype

Intervention Refs.

11 out of 15 rats with chronic autoimmune myocarditis had inducible - ol
AF with atrial cardiomyocyte hypertrophy, increased LA and interstitial

fibrosis

LPS-induced acute myocarditis led to a reduction in atrial connexin 43

levels and did not cause inducible AF

AERP, atrial effective refractory period; AF, atrial fibrillation; APD, action potential duration; CaMKII, calcium/calmodulin-dependent kinase II; Ca 1.2,
voltage-gated L-type Ca?* channel subunit-a; CCL4, C-C motif chemokine 4; CRP, C-reactive protein; DAD, delayed afterdepolarization; eNOS, endothelial nitric
oxide synthase; |, rapid component of the delayed rectifier K* current; I, slow component of the delayed rectifier K* current; I, peak K* current; I, , sustained
K* current; [, transient outward K* current; iNOS, inducible nitric oxide synthase; JNK, JUN amino-terminal kinase; K, voltage-gated K* channel; LA, left atrial;
LPS, lipopolysaccharide; LVEF, left ventricular ejection fraction; MDA, malondialdehyde; MMP, matrix metalloproteinase; NCX1, sodium—calcium exchanger 1;
NO, nitric oxide; ROS, reactive oxygen species; RYR2, ryanodine receptor 2; SERCA2A, sarcoplasmic/endoplasmic reticulum Ca** ATPase 2A; aSMA, a-smooth
muscle actin; TGFB1, transforming growth factor-B1; TIMP, tissue inhibitor of matrix metalloproteinases; TLR4, Toll-like receptor 4; TNF, tumour necrosis factor;
TRPV4, transient receptor potential cation channel subfamily V. member 4.

triggered activity"’. Atrial structural remodelling in these
animal models is characterized by myolysis*>** and inter-
stitial fibrosis™*»*~**%-0 Tn a rat model of chronic auto-
immune myocarditis, increased susceptibility to AF was
associated with increased left atrial size, cardiomyocyte
hypertrophy and interstitial fibrosis together with reduced
connexin 43 expression’'. However, AF inducibility was
not significantly increased in the acute phase’’.

The NLRP3 inflammasome system. The production of
pro-inflammatory cytokines central to inflammatory
signalling is mainly controlled by the inflammasome,
an intracellular multiprotein complex that functions
as a molecular platform to activate the cysteine pro-
tease caspase 1 (FIG. 1), which subsequently cleaves
pro-IL-1f and pro-IL-18 to generate pro-inflammatory
IL-1P and IL-18. Although IL-la triggers similar
pro-inflammatory signalling to IL-1p and IL-18, IL-1a
is produced in the active form and functions like an
alarmin®’. Inflammasome formation is initiated by
PAMPs or DAMPs™, which are recognized by spe-
cific pattern-recognition receptors expressed in innate
immune cells, such as macrophages and neutrophils,
and in cardiac cells, including cardiomyocytes™ (FIG. 1).
Pattern-recognition receptors can promote the formation
of many inflammasomes, but NACHT-, LRR- and pyrin
domain-containing 3 (NLRP3) is the main inflamma-
some linked to the pathology and progression of cardio-
vascular disease™>*. Extensive evidence shows that the
adaptive immune response induced by NLRP3 inflam-
masome activation is involved in arrhythmogenesis, as
discussed in detail below.

The NLRP3 inflammasome comprises the sen-
sor NLRP3, the adaptor protein ASC and the effector
pro-caspase 1 (FIC. 1). The leucine-rich repeats (LRR)
domain in the carboxy terminus of NLRP3 controls
ligand sensing and autoregulation. The pyrin domain
(PYD) in the amino terminus mediates the protein-
protein interaction with the PYD of ASC. ASC recruits
pro-caspase 1 via a caspase recruitment domain
(CARD)*7*%, Under basal conditions, NLRP3 resides
in the endoplasmic reticulum®>® and is in an inac-
tive, ubiquitinated state until a priming signal induces
deubiquitination®'. ASC is predominantly located in the
nucleus, but it can shuttle to the cytosol in close asso-
ciation with mitochondria®**%. ASC forms 1-2 um

structures called specks, which can leave the cell as large
insoluble aggregates and propagate the inflammatory
signal in phagocytic cells®**.

The activation of the NLRP3 inflammasome requires
two steps. The first step is ‘priming’ (which upregulates
the expression of key inflammasome components and
associated cytokines, typically via transcriptional acti-
vation) and the second step is ‘triggering’ (assembly and
activation of the NLRP3 inflammasome). NLRP3 inflam-
masome priming involves transcriptional activation via
Toll-like receptors (TLRs), tumour necrosis factor recep-
tors (TNFRs), IL-1 receptors (IL-1Rs), angiotensin II
receptors and/or protease-activated receptor 4, which
stimulate the nuclear factor-kB (NF-«kB) transcription
pathway®~*" (FIC. 1). Non-transcriptional priming can
occur through TLR and IL-1R type 1 (IL-1R1), which
accelerate the deubiquitination of NLRP3, a process
dependent on mitochondrial reactive oxygen species
(ROS) production®. NF-kB also leads to deubiquitina-
tion of NLRP3 through the deubiquitinating enzyme
BRCC3 (REF®)). Depending on the mechanisms of prim-
ing (transcriptional or non-transcriptional), increased
expression of inflammasome components requires from
10-30min to >3h%~"",

The triggering signal promotes the assembly of
the sensor and effector proteins, facilitated by ASC,
in a wheel-shaped hub that promotes the formation
of the catalytically active caspase 1 in the centre of
the NLRP3 inflammasome propeller™. Triggers of the
NLRP3 inflammasome system that have been charac-
terized in immunocompetent cells include ATP, urate
crystals, cholesterol crystals, silica, ion flux (such as
K* efflux, Ca?* fluxes and Na* influx), mitochondrial
dysfunction, excess ROS production, and lysosomal
damage leading to cathepsin B release®®’*”*. The spa-
tial organization of NLRP3 inflammasome assembly
is driven by the microtubule network®”. The serine—
threonine kinase NEK7 regulates NLRP3 inflamma-
some assembly, functioning downstream of K*
efflux’””. Ca** signalling is also required for NLRP3
inflammasome triggering’®. In immune cells, the
Ca?*-sensing receptor can be sensitized by increasing
extracellular Ca** levels to increase Ca** influx” (FIC. 1).
Influx of Ca?" via the transient receptor potential
channels TRPM2 (REF.?%), TRPM7 (REF.*") and TRPV2
(REF.*") also triggers NLRP3 inflammasome assembly.
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In non-excitable cells, the inositol 1,4,5-trisphosphate
receptor (IP,R) is the main Ca** release channel from
the endoplasmic reticulum”. Inhibition of IP,R by
2-aminoethyl diphenylborinate reduces intracellular
Ca* concentration and prevents IL-1B secretion in

macrophages’”’. Ca* can also facilitate the interaction
between NLRP3 and ASC”, and increases in cytosolic
Ca?* levels can lead to mitochondrial Ca** overload
and the generation of mitochondria-derived ROS,
with subsequent NLRP3 inflammasome activation’".

Tissue stress‘ and damage
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Fig. 1| Pathways involved in NLRP3 inflammasome activation. Molecular
pathways involved in NLRP3 inflammasome activation on the basis
of information from classic models of inflammation. NLRP3 inflammasome
activation in response to tissue stress and damage involves inflamma-
some priming (Signal 1), leading to increased expression of the major
inflammasome components (NLRP3, ASC and caspase 1), and triggering
(Signal 2), promoting assembly of the NLRP3 inflammasome. Subsequent
activation of caspase 1 leads to activation of several proteins including IL-1p
and IL-18, as well as gasdermin D (GSDMD) and IL-1p release through
pores formed by the GSDMD amino terminus (NT) fragment. ATR, angioten-
sin receptor; BRCC36, Lys-63-specific deubiquitinase 36; CaMKII,
Ca?*/calmodulin-dependent protein kinase Il; CARD, caspase recruitment
domain; CaSR, calcium-sensing receptor; DAMP, damage-associated
molecular pattern; ER, endoplasmic reticulum; FADD, FAS-associated death
domain protein; GSDMD-CT, gasdermin D carboxy terminus; IL-1R,

T Inflammation

IL-1 receptor type 1; IP,, inositol 1,4,5-trisphosphate; IP,R, inositol
1,4,5-trisphosphate receptor; JNK, JUN N-terminal kinase 1; LPS, lipopoly-
saccharide; LRR, leucine-rich repeat; mtDNA, mitochondrial DNA; MyD88,
myeloid differentiation primary response protein 88; NEK7, NIMA
related kinase 7; NF-kB, nuclear factor-kB; NLRP3, NACHT-, LRR- and
pyrin domain-containing 3; NOD, nucleotide-binding oligomerization
domain-containing protein; Ox-mtDNA, oxidized mitochondrial DNA;
P2X7, P2X purinoceptor 7; PAMP, pathogen-associated molecular pattern;
PAR4, proteinase-activated receptor 4; PIP,, phosphatidylinositol
4,5-bisphosphate; PKA, protein kinase A; PLC, phospholipase C;
PP2A, protein phosphatase 2A; PYD, pyrin domain; ROS, reactive oxygen
species; RIPK1, receptor-interacting serine/threonine-protein kinase 1;
RYR2, ryanodine receptor 2; SR, sarcoplasmic reticulum; TLR, Toll-like
receptor; TNF, tumour necrosis factor; TNFR, tumour necrosis factor receptor;
TRP, transient receptor potential; Ub, ubiquitin.
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Endoplasmic reticulum stress, partially caused by Ca**
dysregulation, also triggers NLRP3 inflammasome
assembly®. Mitochondrial recruitment of NLRP3 to
the inner mitochondrial membrane, where it interacts
with the mitochondrial protein cardiolipin, is followed
by relocation from the inner to the outer mitochon-
drial membrane, promoting the interaction between
NLRP3 and caspase 1 (REF*) and NLRP3 inflammas-
ome assembly. Multiple post-translational modifica-
tions (such as ubiquitination and phosphorylation) and
endogenous modulators (such as CARD-only proteins
and pyrin-only proteins) also regulate the activity of
the NLRP3 inflammasome®. The regulation of NLRP3
activity is very complex and varies according to the type
of cell and activating stimuli.

When the NLRP3 inflammasome is activated,
caspase 1 triggers the cleavage of the inactive isoforms
pro-IL-1P and pro-IL-18, releasing active IL-1P and
IL-18. Caspase 1 also cleaves gasdermin D (GSDMD)),
removing its inhibiting C terminus (GSDMD-CT) and
releasing the N terminus (GSDMD-NT), which forms
pores in the plasma membrane (FIG. 1). These pores
allow the products of the inflammasome cascade (such
as IL-1p and IL-18) to leave the cell and propagate the
activation of inflammatory signalling cascades to neigh-
bouring cells*. The secretion of cytokines can be accom-
panied by inflammatory programmed cell death called
pyroptosis. These effects can be mediated via caspase 1,
known as the canonical NLRP3 pathway, or caspase 4
and caspase 5 (in humans; caspase 11 in mice), known
as the non-canonical NLRP3 pathway.

Activation of the canonical NLRP3 inflammasome
pathway in immune cells is mediated by cellular K*
depletion”. Pore formation via P2X purinoceptor 7
(P2X7), pannexin 1 channels or other pore-forming sub-
units allows K* efflux (FIC. 1). Pannexin 1 channels release
ATP, which rapidly opens P2X7, causing K* efflux®® and
NLRP3 inflammasome activation via the canonical
pathway.

The non-canonical NLRP3 inflammasome pathway
involves cleavage of caspase 4 and caspase 5 (REFS.”*%>%)
(FIG. 1), which recognize strong LPS signals via their
CARD domain and cleave GSDMD?, leading to the for-
mation of GSDMD-NT pores in the plasma membrane.
Caspase 4 and caspase 5 are unique in terms of their
very high selectivity for GSDMD, but cannot directly
produce active cytokines from inactive precursors’'.
Caspase 4 and caspase 5 can also cleave pannexin 1 after
LPS stimulation, causing ATP release with subsequent
P2X7 activation and non-canonical NLRP3 inflammas-
ome activation®. Triggering of NLRP3 inflammasome
activation does not absolutely require K* depletion and
seems to be independent of K* in human monocytes
in vitro™. This alternative NLRP3 activation is mediated
by the TRIF-RIPK1-FADD-caspase 8 pathway, and
the release of IL-1f is much weaker than via canonical
activation®”. Caspase 8 suppresses RIPK3 activation,
which participates in signalling processes leading to
apoptosis”. Pathogens can facilitate the release of caspase 8-
mediated suppression of RIPK3, increasing the genera-
tion of mitochondrial ROS that can activate the NLRP3
inflammasome®”.

REVIEWS

GSDMD pore formation can lead to inflammatory
cell death or pyroptosis. The cell swelling, cell membrane
disruption and release of cytoplasmic contents (includ-
ing cytokines) that occur during pyroptosis can cause
tissue damage, organ failure and shock™". Pyroptosis
is primarily executed by caspase 4/caspase 5-mediated
GSDMD cleavage with subsequent GSDMD-NT pore
formation and cell membrane permeabilization®®*.
IL-1P release mediated by canonical NLRP3 inflammas-
ome activation can occur in the absence of pyroptosis'®,
which is likely to be the predominant mechanism in
terminally differentiated cells such as cardiomyocytes.

Inflammatory signalling in heart disease

AF is promoted by numerous cardiovascular diseases
and risk factors, several of which have been associated
with activation of the NLRP3 inflammasome, as sum-
marized below and illustrated in FIG. 2. A more detailed
overview of the role of NLRP3 inflammasome activation
in other cardiovascular diseases has been provided in
previous reviews'?'~1%,

Acute myocardial infarction (MI) is a common trig-
ger of AF'. The NLRP3 inflammasome is directly acti-
vated by intraplaque cholesterol crystals through leakage
of the lysosomal protease cathepsin B'”. NLRP3 is the
predominant component of the inflammasome involved
in the response to sterile injury, as occurs during acute
MI'"". Necrotic cell death releases cell contents, including
several DAMPs, priming the NLRP3 inflammasome via
activation of NF-kB'%”. In parallel, ischaemia-induced
reductions in intracellular K* levels act as a trigger for
NLRP3 inflammasome activation'”. The important role
of NLRP3 inflammasome activation and subsequent
pyroptosis in MI is supported by numerous preclinical
studies showing smaller infarct sizes after ischaemia—
reperfusion in mice with genetic deletion of NLRP3,
IL-1R1, ASC or caspase 1 compared with wild-type
mice, as well as with small interfering RNA-mediated
or pharmacological inhibition of NLRP3 (summarized
previously'®?) or P2X7 (REF.') after the ischaemic insult.
Although the NLRP3 system activation induced by
ischaemia-reperfusion injury was initially shown to
occur preferentially in cardiac fibroblasts (versus cardio-
myocytes) in mice'”’, subsequent work clearly showed
that the NLRP3 system is activated in both mouse ven-
tricular and atrial cardiomyocytes'**'%. Data on the clin-
ical role of the NLRP3 inflammasome in MI are scarce
and largely based on biomarkers or indirect evidence
from clinical trials using non-selective NLRP3 inhibitors
or IL-1 blockers'. For example, colchicine treatment
significantly reduced infarct size (measured as the area
under the curve for biomarkers of necrosis or by cardiac
MRI) in patients with ST-segment elevation acute MI
compared with placebo'”.

Inflammation is increasingly recognized as an
important pathophysiological mediator of HF initi-
ation and progression'*, which is a major driver of
AF-promoting atrial remodelling. IL-1p directly inhibits
cardiac contractility'®, in part as a result of alterations
in cardiomyocyte Ca** handling, which can simulta-
neously promote cardiac arrhythmias'’. Inhibition of
NLRP3 inflammasome activation or downstream IL-1f
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Comorbidities and cardiovascular risk factors:
obesity, diabetes mellitus, smoking
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Fig. 2 | Pathways leading to NLRP3 inflammasome activation induced by comorbidi-
ties and cardiovascular risk factors. Main pathways through which risk factors, heart
diseases and comorbidities can promote NLRP3 inflammasome activation, potentially
leading to atrial fibrillation and contributing to myocardial pathology in conditions such
as acute myocardial infarction and heart failure. Risk factors, including gut microbiota
dysbiosis, obesity, diabetes mellitus, right heart disease and coronary artery disease,
promote the production of several mediators that activate transmembrane receptors
involved in NLRP3 inflammasome priming, including Toll-like receptor 4 (TLR4), tumour
necrosis factor receptors (TNFRs) and IL-1 receptor type 1 (IL-1R1), as well as downstream
activation of signalling pathways dependent on Ca?*/calmodulin-dependent protein
kinase Il (CaMKII), reactive oxygen species (ROS) and nuclear factor-kB (NF-kB). Assembly
of inflammasome components (triggering) is mediated, among other pathways, by P2X
purinoceptor 7 (P2X7) signalling and K* depletion, as well as histone deacetylase 6
(HDACS). Downstream activation of caspase 1 and formation of pores by the gasdermin
D (GSDMD) amino terminus (NT) fragment subsequently allows the release of IL-1p and
IL-18 from the cell. In parallel, these pathways promote pro-arrhythmic atrial remodelling,
including spontaneous Ca?* release events, delayed afterdepolarizations and triggered
activity, as well as re-entry-promoting shortening of action potential duration and effec-
tive refractory period in combination with structural remodelling and associated conduc-
tion abnormalities. Dashed arrows indicate indirect effects. DAMP, damage-associated
molecular pattern; GSDMD-CT, gasdermin D carboxy terminus; LPS, lipopolysaccharide;
NLRP3, NACHT-, LRR- and pyrin domain-containing 3.

signalling reduces adverse cardiac remodelling and ame-
liorates the HF phenotype in preclinical models of HF
induced by MI without reperfusion, transverse aortic
constriction leading to pressure overload, anthracycline
toxicity, radiation injury or septic cardiomyopathy'”
Moreover, data from rodent models of HF with
reduced or preserved ejection fraction suggest that the

beneficial cardiac effects of empagliflozin are associated
with reduced activation of the NLRP3 inflammasome
through a Ca?*-dependent mechanism'"".

In addition, AF risk factors such as smoking' are
associated with increased NLRP3 activation'"”. Taken
together, substantial evidence indicates a causative
role of NLRP3 inflammasome activation, including in
cardiomyocytes, in cardiovascular diseases associated
with AF, ranging from stable coronary artery disease to
acute MI and HE

Atrial cardiomyocyte inflammatory signalling
and AF

Inflammatory signalling component expression in atrial
cardiomyocytes and AF. Although inflammatory signal-
ling pathways are extensively studied in immune cells,
emerging evidence supports the notion that atrial car-
diomyocytes have the same inflammatory signalling
pathways, the activation of which contributes to AF
development™'**!%1"* Atrial cardiomyocytes not only
produce potent pro-inflammatory cytokines such as
IL-1B, IL-6, IL-18 and TNE but also express the cytokine
receptors (IL-1R1, IL-6R, IL-18R and TNFR) that medi-
ate the effects of these inflammatory cytokines'*!!%114-116,
Activation of these cytokine receptors via autocrine or
paracrine mechanisms stimulates several important
AF-related signalling cascades, including those involv-
ing JAKs, STATs, MAPKs and NF-kB, which can in
turn upregulate the transcription of genes encoding
pro-inflammatory factors. Many stressors that increase
the susceptibility to AF, such as ROS and endoplasmic
reticulum stress®**, can independently activate these sig-
nalling pathways, further amplifying the inflammatory
signal and its propagation.

Accumulating evidence also indicates the engagement
of the NLRP3 inflammasome in atrial cardiomyocytes.
In the mouse atria-derived cardiomyocyte cell line HL-1,
in vitro priming with LPS and triggering with ATP or
nigericin promoted the formation of ASC aggregates'®.
These changes were accompanied by increased caspase 1
activity and caspase 1-mediated pyroptosis, both of
which are prevented by caspase 1 inhibition'*. These
results demonstrate that canonical NLRP3 inflammas-
ome activation is operative in atrial cardiomyocytes. In
addition, pharmacological inhibition of P2X7 mimics the
results obtained with caspase 1 inhibition'®, suggesting
that increased K* efflux via P2X7 contributes to cardi-
omyocyte NLRP3 inflammasome activation. Simulated
ischaemia in cardiomyocytes in vitro caused by exposure
to hypoxia and an ‘ischaemic’ buffer similarly promoted
the formation of ASC aggregates and increased caspase 1
activity, pointing to activation of the NLRP3 inflammas-
ome in atrial cardiomyocytes in ischaemic conditions'®.
In vitro tachypacing of HL-1 cells (to mimic the atrial
tachycardia that occurs during AF) increased the polar-
ization and migration of co-cultured macrophages, fea-
tures that are typically associated with inflammatory
settings™. Conversely, LPS-treated macrophages caused
IL-1B-mediated reduction of I ; in co-cultured HL-1
cells®. These data establish the potential for feedforward
crosstalk between atrial cardiomyocytes and immune
cells in the atria.
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Evidence for a role of atrial cardiomyocyte inflam-
matory signalling in AF. Several studies have assessed
the specific contributions to AF pathophysiology of the
pro-inflammatory cytokine TNE, the IL-13-maturation
platform and the NLRP3 inflammasome''*''7-"19,
Transgenic mice with cardiomyocyte-specific over-
expression of TNF have enlarged atria, atrial fibrosis
and abnormal atrial conduction together with downreg-
ulation of atrial connexin 40 levels, reduced atrial con-
tractility and increased susceptibility to pacing-induced
AF"*121 Conversely, genetic ablation of TNF or phar-
macological inhibition of TNF with etanercept or a
dominant-negative inhibitor of the soluble form of
TNF (XProl595) prevented exercise-induced adverse
atrial remodelling and AF promotion in mice!'”'s,
TNF-induced atrial arrhythmogenesis in mice is at least
partly attributable to abnormalities in cardiomyocyte
Ca’* handling, including a higher frequency of triggered
activity-promoting Ca?* release events''”''*%, In vitro
exposure of rabbit pulmonary vein cardiomyocytes to
TNF for up to 10h reduced I, , led to larger amplitude
DAD:s together with increased transient inward current
and Na*-Ca?*-exchanger current, and increased dias-
tolic Ca?* levels, while reducing Ca?* transient ampli-
tude and sarcoplasmic reticulum Ca?* content, and
potentially causing AF-promoting triggered activity in
the pulmonary vein cardiomyocyte sleeves'*.

Human atrial cardiomyocytes have all the key ele-
ments of the NLRP3 inflammasome system''®'"*. Most
importantly, NLRP3 inflammasome activity is increased
in atrial cardiomyocytes in patients with paroxysmal
AF or long-lasting persistent AF'". Similarly, levels
of ASC and pro-caspase 1, as well as the products of
NLRP3 inflammasome activation, active caspase 1 and
cleaved (pore-forming) GSDMD-NT, were significantly
increased in atrial cardiomyocytes of patients undergo-
ing cardiac surgery who subsequently developed post-
operative AF compared with patients who remained in
sinus rhythm'"’. These data suggest that NLRP3 inflam-
masome activation in atrial cardiomyocytes might be a
common feature of many forms of AF.

The potential pathophysiological role of increased
NLRP3 activity in atrial cardiomyocytes from patients
with AF has been addressed by studies in animal
models. Mice with cardiomyocyte-specific overex-
pression of a constitutively active form of NLRP3
(Myh6:NIrp3435V+; CM-KI mice) develop atrial ectopy
and a re-entry-promoting shortening of atrial refrac-
toriness, together with atrial hypertrophy and fibrosis,
associated with increased AF susceptibility'"”. These
mice have substantially increased prevalence of sponta-
neous atrial ectopic activity, associated with an increased
incidence of Ca**-release events through RYR2 channels
(Ca** sparks). The shortening of the atrial action poten-
tial duration and effective refractory period in CM-KI
mice is likely to be due to upregulation of the expression
of Kcna5 (which encodes the voltage-gated K* chan-
nel K 1.5) and the increase in the related repolarizing
current I, (ultra-rapid delayed rectifier K* current)'".
Although overall conduction velocity is unchanged,
CM-KI mice have atrial fibrosis''®, which is known to
be associated with atrial arrhythmogenesis.

REVIEWS

Atrial macrophage infiltration occurs in patients with
AF*>'%, possibly as a result of NLRP3 inflammasome
activation and IL-1p and IL-18 signalling in atrial cardio-
myocytes, with subsequent macrophage recruitment to
the atria. The released IL-1P (and perhaps IL-18) acts on
adjacent cells causing NF-kB-mediated transcriptional
priming of NLRP3-components in the same and other
cell types, thereby potentially leading to further NLRP3
inflammasome activation in surrounding cells, irrespec-
tive of the initial source. Acute application of IL-1f to
human atrial cardiomyocytes in vitro increases the inci-
dence of Ca?* release events, particularly in cells from
patients prone to develop postoperative AF''’. Similarly,
acute application of IL-1p increases the incidence of Ca?*
release events in HL-1 cells''’, accompanied by increased
CaMKII-mediated phosphorylation of RYR2 (which is
an established molecular contributor to Ca** release
events and AF**¥) together with activation of caspase 1
and the formation of pore-forming GSDMD-NT"*’.

The effects of IL-1P on Ca** handling are likely to be
amplified by IL-6 (REF.*). IL-6 also rapidly induces revers-
ible atrial electrical remodelling by downregulation
of atrial connexin levels in HL-1 cells'*. However, the
precise actions of IL-6 in the atria require further delin-
eation. Similarly, although the activation of caspase 1
in AF is expected to increase the atrial levels of IL-18,
the relative contribution of IL-18 to the actions of IL-1f3
in the atria is unknown. In addition, whether IL-18 acts
on the atria via mechanisms different from those of
IL-1 is unclear. Given that selective IL-18 inhibitors are
clinically available, future work should define the atrial
effects of IL-18 and the therapeutic potential of IL-18
inhibition for AF management.

Histone deacetylase 6 (HDACS6) has an indispen-
sable role in the microtubule transport and assem-
bly of inflammasomes in macrophages®’>. HDAC6
activity increases with AF-related atrial remodelling
in patients as well as in HL-1 cells subjected to in vitro
high-frequency pacing'”. Therefore, HDACS6 activation
could contribute to Ca**-dependent NLRP3 inflamma-
some activation. Ca?*-dependent activation of CaMKII
in cardiomyocytes seems to contribute to NLRP3 inflam-
masome activation because in mouse models of cardiac
remodelling induced by chronic angiotensin II infusion
or transverse aortic constriction, cardiomyocyte-specific
deficiency of CaMKII suppresses NLRP3 inflammas-
ome activation®'?*. This observation is consistent
with findings that CaMKII$ can activate NF-kB by
phosphorylating (inactivating) the inhibitor of NF-kB
(IxB kinase)'*”'*, thereby upregulating the transcription
of multiple genes encoding NLRP3 inflammasome com-
ponents. CaMKII can also increase mitochondrial Ca?*
entry via phosphorylation of the mitochondrial Ca** uni-
porter, which increases ROS production'”, a key trigger of
NLRP3 inflammasome activation and AF promotion'*’.
Therefore, NLRP3 inflammasome-mediated CaMKII
activation in atrial cardiomyocytes might produce Ca?*
leak from the sarcoplasmic reticulum and drive mito-
chondrial ROS production, creating a vicious cycle of
arrhythmogenic inflammatory signalling.

Several known risk factors for AF such as obesity, dia-
betes mellitus, gut microbiota dysbiosis and right-sided
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heart disease can promote AF development via activation
of inflammatory signalling in atrial cardiomyocytes'*"*,
Although the inflammatory signalling associated with
risk factors is subtle compared with the more aggres-
sive, well-recognized inflammation inducers such as
acute tissue injury and pathogens, the chronic nature
of risk factors could lead to substantial effects over the
course of a lifetime. The activity of NLRP3 inflammas-
omes in atrial tissue of individuals with obesity cor-
relates with increases in BMI'”. In animal models of
diet-induced obesity, increased atrial NLRP3 activity is
required for obesity-induced atrial arrhythmogenesis'"’.
Cardiomyocyte Ca** dysregulation, increased frequency
of Ca** release events and atrial ectopy are key elements of
the arrhythmogenic atrial substrate in obesity-driven AF
in these animal models'”.

Gut microbiota dysbiosis is also associated with
upregulation of the NLRP3 system in the atria in mouse
models"’, with some gut microbiota-derived metabo-
lites having direct effects on atrial arrhythmogenesis. For
example, trimethylamine N-oxide (TMAO) upregulates
NEF-«B signalling, which leads to increased abundance
of pro-inflammatory cytokines, including IL-1p, IL-6
and TNE and synthesis of nerve growth factor in atrial
ganglionated plexi, which activate the cardiac auto-
nomic nervous system"’'. TMAO also causes oxidative
stress and activates the NLRP3 inflammasome and the
transforming growth factor-p1 (TGFp1)-SMAD?3 path-
way in ganglion plexus tissues in animal models'*. Gut
microbiota dysbiosis-derived LPS strongly activates
the NLRP3 inflammasome, increases the expression
and lateralization of connexin 43 and downregulates
L-type Ca’* channel expression'*. Similarly, NLRP3
activity is increased in the right atria of patients with
diabetes mellitus”. NLRP3 protein levels and caspase 1
activity in atrial tissue and serum IL-1p and IL-18 levels
are increased in rabbits with alloxan-induced diabe-
tes mellitus'**. In this rabbit model, administration of
glibenclamide (a hypoglycaemic agent that inhibits the
NLRP3 inflammasome) reduces the diabetes-induced
atrial structural remodelling and the related increases
in AF inducibility*.

Right-sided heart disease is increasingly recog-
nized as an important cause of AF*>"*, In a rat model
of right-sided heart disease induced by monocrotaline
injection'*>'¥, AF promotion was associated with
increased expression of NLRP3 inflammasome-related
components in the right atria, as evidenced by increased
levels of active caspase 1 and IL-1B'".

Inflammatory signalling in non-myocyte heart
cells

During sepsis, the NLRP3 inflammasome system is
upregulated in mouse ventricular fibroblasts'**. Cardiac
dysfunction after MI in mice is also associated with
upregulation of the NLRP3 inflammasome in ventricular
fibroblasts'*”!*, with the major trigger of NLRP3 inflam-
masome activation being increased K* efflux caused by
ROS generation'””. Similarly, in vitro treatment of mouse
ventricular fibroblasts with LPS'* or human ventricular
fibroblasts with thrombin® activates the NLRP3 system,
with increased secretion of IL-1p. These results support

the notion that the NLRP3 inflammasome is activated in
fibroblasts during cardiac injury.

Application of TNF to human cultured atrial fibro-
blasts from patients undergoing open heart surgery
increased the expression and release of IL-6 and IL-1f
via activation of TNFRs, with subsequent stimulation
of p38-MAPK, PI3K-AKT and NF-«B signalling'®,
pointing to the production and functional regulation
of pro-inflammatory cytokines in atrial fibroblasts.
Similar increases in pro-inflammatory signalling were
also noted after stimulation of human atrial fibroblasts
with IL-1a** and TGFp1 (REF'"), together with down-
stream activation of pro-fibrotic signalling'*’. Abnormal
inflammatory signalling in atrial fibroblasts has been
implicated in AF development'*'. The AF-associated
human variant p.Ile138Thr of NPPA (which encodes
atrial natriuretic peptide) induced atrial inflammation
and atrial fibrosis, causing both inducible and spontane-
ous AF, in a knock-in rat model"'. RNA sequencing of
Nppa-mutant rat atrial fibroblasts showed that the largest
differences in expression were in genes related to TNE,
NEF-xB and NLRP3 signalling'*'. These data point to a
role of atrial fibroblast inflammatory signalling in AF.

Obesity contributes to AF pathophysiology'*’. The
highly secretory epicardial adipose tissue (EAT) sur-
rounding the atria secrete a variety of pro-inflammatory
and pro-fibrotic mediators that promote atrial remodel-
ling, thereby increasing the susceptibility to AF'*>. EAT
volume correlates with AF severity, postoperative AF
incidence and AF recurrence rates after cardioversion
or ablation'®. In addition, EAT from patients with AF
shows strong pro-inflammatory indices, as evidenced
by a higher *F-fluorodeoxyglucose PET signal inten-
sity than that of EAT from patients without AF'*.
Extracellular vesicles derived from EAT from patients
with AF contain larger amounts of pro-inflammatory
and pro-fibrotic cytokines than EAT from control
patients'**. Extracellular vesicles derived from EAT from
patients with AF induced sustained re-entry in human
induced pluripotent stem cell-derived cardiomyocytes
in vitro, whereas extracellular vesicles from EAT from
control patients had no effect'*. Therefore, the NLRP3
system in atrial adipocytes might constitute an impor-
tant source of pro-inflammatory cytokines, a hypothesis
that requires direct evaluation.

Resolution of inflammation in AF

Concept of inflammation resolution. Under physiological
conditions, reparative inflammation is a complex and
active process characterized by an initiation phase and a
resolution phase, promoting healing and restoration of
homeostasis'“ (FIC. 3). The resolution of inflammation
has traditionally been considered a passive process
occurring when the stimulus to inflammation is no
longer active. However, the discovery in the 1980s of the
capacity of arachidonic acid derivatives, such as lipoxins
and resolvins, to promote the resolution of inflamma-
tion led to a consensus that inflammation resolution is
an active process following acute inflammation'". After
infection or injury, the initiation of inflammation is fol-
lowed by an augmentation of resolution-promoting sig-
nalling, arresting polymorphonuclear leukocyte (PMN)
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Fig. 3 | Inflammation resolution concept. In response to injury or infection, acute inflammation is activated to favour the
return to homeostasis. During the initiation phase, damage signals (pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) promote phospholipase A, (PLA,)-induced accumulation of arachidonic
acid (AA), activation of the nuclear factor-kB (NF-kB) pathway and assembly of the NLRP3 inflammasome, leading to the
release of pro-inflammatory substances, recruitment of polymorphonuclear leukocytes (PMNs) and monocyte polarization
towards pro-inflammatory M1 macrophages. Apoptotic PMNs and M1 macrophages secrete 12-lipoxygenase (12-LOX)
and 15-LOX, which triggers lipid-mediator class switching, signalled by increased production of resolution-promoting
mediators from AA, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Pro-resolution autacoids orchestrate
the inhibition of PMN infiltration, the increased release of anti-inflammatory cytokines (IL-10 and IL-13) and increased
macrophage polarization to anti-inflammatory M2 macrophages to phagocytize damaged cells. Inflammation resolution is
characterized by efferocytosis, tissue repair, wound healing, preservation of functions and homeostasis. Failed resolution of
inflammation is associated with dysfunctional triggering of lipid-mediator class switching, perpetuation of production

and secretion of pro-inflammatory mediators (IL-1B, IL-6 and IL-18), aggravation and chronicity of the inflammatory status,
development of fibrosis, myocardial damage, loss of myocardial function and arrhythmogenesis. CaMKIl, calcium/calmodulin-
dependent kinase II; COX, cyclooxygenase; CYP450, cytochrome P450; LTB4, leukotriene B4, LXA4, lipoxin A4; MAPK,
mitogen-activated protein kinase; NLRP3, NACHT-, LRR- and pyrin domain-containing 3; PGE,, prostaglandin E; PGl,,
prostaglandin |,; ROS, reactive oxygen species; TXA,, thromboxane A,.

recruitment and suppressing pro-inflammatory sig-
nalling'*®. The active process of inflammation reso-
lution involves specific enzymes (cytochrome P450,
cyclooxygenase 1 (COX1), COX2, 5-lipoxygenase
(5-LOX), 12-LOX and 15-LOX), endogenous lipid
mediators (prostaglandins, leukotrienes, lipoxins and
resolvins), cytokines (IL-10 and IL-13), immune cells
(monocytes, anti-inflammatory M2 macrophages and
dendritic cells) and biological processes designed to
terminate acute inflammation, promote clearance of
inflammatory cells and restore normal tissue and organ
function'¥’~"*°. Failure to undergo the complex shift
from initial inflammatory signalling to pro-resolution
signalling can contribute to abnormal accumula-
tion of pro-inflammatory mediators and biomarkers
(prostaglandins, leukotrienes, NF-kB, NLRP3 inflam-
masome, IL-1p, PMNs and pro-inflammatory M1

macrophages), which leads to chronic, unresolved
inflammation, tissue fibrosis and impaired function'’
(FIG. 3 and TABLE 3).

Endogenous pro-resolution biochemistry. In response
to pathological insults or infection by viral or bacterial
pathogens, phospholipase A, accumulates in the affected
tissue. This enzyme hydrolyses the sn-2 ester bond of
cellular phospholipids to produce arachidonic acid, an
essential n-6 polyunsaturated fatty acid (n-6 PUFA)">.
Arachidonic acid is metabolized by cytochrome P450,
COX1, COX2 and 5-LOX to produce numerous
pro-inflammatory lipid mediators (thromboxane A,,
prostaglandin A, (PGA,), PGB,, PGE, and PGI,) that
activate pro-inflammatory signalling promoting PMN
and M1 macrophage chemotaxis (NLRP3 inflamma-
some, IL-1pB, IL-6, CXC chemokine ligand 1 (CXCL1)
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Table 3 | Anti-inflammatory therapeutics
Agent Beneficial effects

COX inhibitors

Specific targets

thromboxane A,)

COX1and COX2 Suppress the production of
arachidonic acid metabolites
(prostaglandins, leukotrienes,

Refs.

173177

Limitations or adverse effects

Increase risk of clots,
hypertension and cardiovascular
events

Reduce NLRP3 activity, inhibit caspase 1
and prevent IL-1f secretion

Reduce pain

Aspirin COX1 and COX2

Production of aspirin-triggered

resolvins

Irreversible acetylation of COXs

Acetylated COX2 can metabolize
docosahexaenoic acid and
eicosapentaenoic acid

No evidence of atrial fibrillation L2

prevention with chronic
aspirin use

Not recommended for patients
with low risk of cardiovascular
disease

Restrains NLRP3 assembly and activity
via blockade of reactive oxygen

species release

Immune cells and
pro-inflammatory

Glucocorticoids

Suppress pro-inflammatory
biomarkers and activation of

Increase NLRP3 activation tLE
and IL-1f secretion

Delay wound healing
Increase the risk of hypertension

Increase atrial fibrillation
incidence

Further studies are required to
assess the potential of NLRP3
inhibitors in inflammatory
conditions and clarify their
safety and potential adverse
effects

Increase the risk of infection 102

Increase cholesterol plasma
levels

Decrease circulating leukocyte
numbers

Might increase the risk of cancer
Few clinical and preclinical B
data on cardiac tissue currently

biomarkers pro-inflammatory cells
Promote clearance of apoptotic cells
Reduce pain and swelling
NLRP3 NLRP3 Prevent maturation of NLRP3
inhibitors inflammasome components
components Prevent NLRP3 inflammasome
and signalling
assembly
Reduce pro-inflammatory cytokine
production
Might promote lipid-mediator class
switching
IL-1inhibitors  IL-1R1andIL-1B  Prevent IL-1p interaction with its
receptor IL-1R1
Inhibit IL-1f signalling
Reduce IL-1B-induced production
of pro-inflammatory interleukins
(IL-6, IL-17,1L-18)
Specialized Pro-inflammatory Prevent infiltration of
pro-resolving processes and polymorphonuclear leukocytes
mediators immune cells

debris

Resolvin D1 decreases atrial
expression of NLRP3 components

Non-toxic

Activate M2 macrophage
phagocytosis and clearance of cellular

available

Various clinical trials are ongoing
or have been completed:
NCT04575753, NCT04997057,
NCT03609541, NCT04697719,
NCT02322073

COX, cyclooxygenase; IL-1R1, IL-1 receptor type 1; NLRP3, NACHT-, LRR- and pyrin domain-containing 3.

and CXCL2) and the increase in adhesion molecules
(intercellular adhesion molecule 1, vascular cell adhe-
sion molecule 1 and E-selectin) at the site of injury'>'>°.
During neutrophil-induced apoptotic and phagocytic
activity, intracellular and secreted levels of 12-LOX and
15-LOX increase'”. Arachidonic acid interaction with
12-LOX and 15-LOX leads to the production of lipox-
ins, including lipoxin A4 and LXB4, which activate the
LXA4 receptor N-formyl peptide receptor 2 to stimulate
intracellular signals that initiate pro-resolution processes
such as cessation of neutrophil chemotaxis, inhibition
of NF-«kB signalling, alteration of NLRP3 assembly

and activity, and stimulation of non-phlogistic (that is,
non-inflammatory) monocyte invagination'**'*’.
Shortly after the initiation of acute inflammation,
the essential n-3 PUFAs eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) are released at the
site of injury"'. EPA and DHA compete with ara-
chidonic acid for cytochrome P450, COX2, 5-LOX,
12-LOX and 15-LOX"®, EPA and DHA are metab-
olized to produce E-series resolvins (RvEs) and D-series
resolvins (RvDs), respectively, including RvE1 and RvD1
(REFS."**%), Production of anti-inflammatory PGD,
from arachidonic acid via COX2 is also increased'*’.
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These bioactive lipid mediators interact with specific
receptors (G protein-coupled receptor 32 (GPR32),
GPR18, chemerin-like receptor 1 (ChemR23), PGD,
receptor 1 and PGD, receptor 2) expressed on endothe-
lial cells, PMNs, monocytes, macrophages, dendritic cells
and T helper 2 (T,2) cells, to stimulate the cessation of
PMN chemotaxis, activation of M2 macrophage phago-
cytosis of apoptotic PMNs and cell debris, efferocytosis
and clearance of inflammatory cells'.

Chronic inflammation probably involves a failure
of inflammation resolution'®. If 12-LOX and 15-LOX
production is insufficient, the generation of the n-3
PUFA-derived pro-resolving mediators RvEs and RvDs
is inadequate'”’. Failure of resolution leads to accu-
mulation of arachidonic acid metabolites, including
thromboxanes, prostaglandins and leukotrienes, which
promote pro-inflammatory signalling. In addition,
continued generation of DAMPs and other inflamma-
tory triggers contributes to inflammation persistence.
The active phase of inflammation persists and chronic
inflammation results, leading to thrombogenesis, for-
mation of fibrous tissue, and loss of tissue and organ
function'®"'?, Treatment with molecules that promote
inflammation resolution properties ameliorates dis-
ease in animal models of chronic inflammation'?”'¢*'¢*
(FIC. 3). Administration of RvD1 reduces NLRP3 inflam-
masome assembly by preventing the colocalization of
NLRP3 with the inflammasome components ASC and
pro-caspase 1 (REF.'®).

Pathological and potential therapeutic relevance of
inflammation resolution in heart disease. Evidence for
arole of inflammation resolution in preventing chronic
disease development is available for a range of cardiac
conditions'®. In a clinical study involving 27 patients
with HF and 23 age-matched control individuals,
patients with HF had significantly lower plasma levels
of RvD1, together with decreased levels of the RvD1
receptor GPR32 in T cells and reduced 15-LOX activity
in leukocytes'””. In aortic valves from patients with aortic
stenosis, the leukotriene B4 (LTB4) level was increased,
whereas RvE1 and RvD3 levels were decreased in cal-
cified regions compared with non-calcified regions'.
In vitro treatment with RvEI prevented human val-
vular interstitial cell calcification'®. In addition, in
Apoe-knockout mice that develop aortic valve disease,
overexpression of the Caenorhabditis elegans gene fat-1
(which encodes a protein that enables endogenous syn-
thesis of n-3 PUFAs) increased the production of n-3
PUFA derivatives in aortic valves and reduced valvular
calcification and improved echocardiographic indices of
valve disease'**. By contrast, knockout of Cmklr1 (which
encodes ChemR23) increased valve disease progression
in these mice'*".

In a mouse model of experimental autoimmune
myocarditis, daily injections of the LXA4 analogue
BML-111 (1 mg/kg per day, starting 7 days after myocar-
ditis induction) prevented the myocarditis-induced over-
expression of inflammation-related and fibrosis-related
genes, including those encoding IL-1f, TNF, TGFp1
and collagen 1A1 (REF'®). In addition, BML-111 treat-
ment prevented myocarditis-induced reductions in LV
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ejection fraction, LV hypertrophy and cardiomyocyte
apoptosis'®”. In rats with MI induced by coronary artery
ligation, treatment with RvE1 decreased infarct size,
attenuated leukocyte infiltration and reduced caspase
3 levels in the infarct area'”’. In a mouse model of MI,
RvD1 treatment for 5 days after MI decreased M1 macro-
phage recruitment to the infarct region, reduced the
myocardial expression of IL-1, IL-6 and TNE, prevented
myocardial fibrosis and ameliorated LV function'”". In a
rat model of right-sided heart disease, RvD1 administra-
tion attenuated right atrial fibrosis, decreased the expres-
sion of NLRP3 inflammasome components, promoted
ChemR23 expression and prevented AF inducibility'”’.
All these studies support the relevance of inflammation
resolution in heart disease, but this area of research
requires further study.

Therapeutic implications

Therapeutic strategies targeting the NLRP3 inflam-
masome to reduce the consequences of inflammation
can involve traditional or novel NLRP3 inhibitors,
glucocorticoids or classic anti-inflammatory medica-
tions such as non-steroidal anti-inflammatory drugs, as
well as novel interventions that promote inflammation
resolution'””. TABLE 3 summarizes the main categories of
anti-inflammatory interventions and presents some of the
potential benefits and risks associated with these strategies.

COX2 inhibitors. The discovery of the role of COX1
and COX2 pathways in producing most of the
pro-inflammatory metabolites from arachidonic acid
was followed by the development of a range of now widely
used non-steroidal anti-inflammatory COX inhibitors'”.
Genetic or pharmacological inhibition of PGE, sig-
nalling reduces IL-1 secretion and caspase 1 activity
in mice'”". However, despite their anti-inflammatory
properties, COX inhibitors can also disrupt inflam-
mation resolution because, although they suppress
COX-induced production of key pro-inflammatory
lipid-mediators, such as PGE, and LTB4, COX inhibitors
also prevent the production of arachidonic acid-derived
pro-resolution mediators such as PGD, (which is
involved in lipid-mediator class switching and efferocy-
tosis)'7>'”. PGD, signalling, via its interaction with PGD,
receptors 1 and 2 expressed on cells involved in inflam-
mation termination (dendritic cells, mast cells and T},2
cells), promotes clearance of inflammatory cells, effero-
cytosis and resolution of inflammation'”>'”¢. This obser-
vation might explain some of the adverse effects of COX
inhibitors. Over the past 15-20 years, it has been noted
that COX inhibitors can increase the long-term risk of
cardiovascular disease, including coronary atherothrom-
bosis and HF and decrease endogenous cardioprotec-
tion against arrhythmogenic substrates and oxidative
injury'””. Moreover, COX inhibition increases systolic
blood pressure and exacerbates the hypertensive effects
of angiotensin II in animal models'’*'”. Combined
medication involving COX inhibitors and angiotensin II
inhibition revealed that COX inhibitors attenuate the
vasodilatory properties of angiotensin-converting
enzyme inhibitors and type 1 angiotensin II receptor
blockers'®. Perhaps because of these mixed effects,
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non-steroidal anti-inflammatory drugs do not seem to
be effective for the treatment of AF'*"!52,

Aspirin. Aspirin is a classic non-steroidal anti-
inflammatory agent that is widely used in cardiovas-
cular therapeutics as an antiplatelet agent. Although
aspirin-induced acetylation of COX2 blocks the produc-
tion of pro-inflammatory lipid mediators (prostaglan-
dins and leukotrienes) from arachidonic acid, acetylated
COX2 can also metabolize EPA and DHA to produce
a class of resolvin homologues called aspirin-triggered
resolvins'**. A study in mice showed that aspirin inhibits
the release of ROS, thereby restraining NLRP3 inflam-
masome assembly and activation in the endothelium of
coronary arteries'®. However, a prospective, 6-year study
involving 23,480 male patients found no association
between chronic use of aspirin and AF incidence'".

Glucocorticoids. Glucocorticoids have well-known,
broad-spectrum anti-inflammatory effects, promoting
inflammation resolution via non-phlogistic mono-
cyte polarization into M2 macrophages, stimulation of
macrophage phagocytosis of apoptotic neutrophils and
activation of pro-resolution processes'*~'*. Conversely,
glucocorticoids increase NLRP3 mRNA and protein
expression in human macrophages'®. Glucocorticoids
also sensitize cells to extracellular ATP and increase
ATP-mediated release of pro-inflammatory mol-
ecules, including mature IL-1B, IL-6 and TNF'®.
Glucocorticoid use increases the risk of systemic hyper-
tension, fluid retention, atherosclerotic vascular dis-
ease and atrial arrhythmias in a dose-dependent and
duration-dependent manner'**-'2,

Selective NLRP3 inflammasome inhibitors. Oridonin,
which is extracted from the Chinese medicinal herb
Rabdosia rubescens, inhibits NLRP3 inflammasome
assembly and NLRP3 inflammasome-induced production
of IL-1p and activation of the pro-inflammatory transcrip-
tion factor NF-kB'”. MCC950, a diarylsulfonylurea-
containing compound, selectively inhibits NLRP3
inflammasome activity by blocking ASC oligomeriza-
tion and IL-1f secretion'”*'*>. However, the commercial
development of MCC950 was discontinued because of
hepatotoxicity. In a mouse model of acute MI, oridonin
and MCC950 treatment reduce cardiac fibrosis as well
as the protein levels of NLRP3, IL-1f and IL-18 (REF.').
In a mouse model of MI, knockdown of Camk2nl,
which encodes an endogenous inhibitor of CaMKII,
led to increased CaMKII function as well as increased
cardiac fibrosis and ventricular fibrillation susceptibil-
ity, supporting the notion that the CaMKII-p38-JNK-
NLRP3 inflammasome pathway might be a potential
therapeutic target'”’.

IL-1 inhibitors. IL-1p is among the most studied mem-
bers of the IL-1 family. Evidence of the pro-inflammatory
and cardiotoxic effects of IL-1p has led to the develop-
ment of inhibitors of IL-1p signalling'®. In the AIRTRIP
trial'”%, anakinra, an IL-1R blocker that efficiently antag-
onizes the effects of IL-1a and IL-1p, administered for
2 months reduced the recurrence of pericarditis in

patients with recurrent corticosteroid-dependent
pericarditis. In the VCU-ART study'” in patients
with ST-segment elevation MI, 14 days of treatment with
anakinra improved ventricular function and decreased
the risk of HE. Prevention of hospitalization for HF with
anakinra treatment was also observed in the REDHART
trial’”. In the RHAPSODY trial*"!, treatment with rilona-
cept, an IL-1a and IL-1P cytokine trap, decreased the
risk of pericarditis in patients with pericarditis resistant
to conventional therapy. In the CANTOS trial*”, ther-
apy with canakinumab, a specific monoclonal antibody
against IL-1P, reduced HF hospitalization in patients
with previous MI and high-sensitivity C-reactive protein
(hsCRP) levels of 22 mg/l compared with placebo.

Specialized pro-resolving mediators. In a study involv-
ing 27 patients with HF and 23 healthy individuals,
plasma RvD1 levels, GPR32 levels in T cells and leu-
kocyte 15-LOX activity were lower in patients with HE,
suggesting that altered pro-resolution signalling might
be involved in HF pathophysiology'®’. In a rat model of
right-sided heart disease, RvD1 treatment decreased
atrial expression of NLRP3 inflammasome-related
genes (Asc, Caspl, I11b and Nlrp3) and prevented the
upregulation of genes encoding inflammatory cytokines
(Ccl2, Cxcl1, Cxcl2 and 116), together with reduced atrial
fibrosis and AF susceptibility'””. RvD1 also upregulates
the expression of ChemR23, the receptor of the special-
ized pro-resolving mediators RvE1 and RvE2 (REF'¥). In
patients with aortic valve stenosis, the most common
valvulopathy, RvE1 and RvD3 levels were lower whereas
the LTB4 level was increased in calcified tricuspid aortic
valve tissue'®. Promotion of RvE1-ChemR23 signalling
was associated with increased M2 macrophage recruit-
ment and prevention of valvular calcification in animal
models'®. In patients without overt atherosclerosis, sal-
ivary levels of RvD1 were lower in those patients with
greater intima-media thickness (which indicates early
atherosclerosis)””. Patients with acutely symptomatic
carotid atherosclerotic plaque rupture had lower circu-
lating levels of RvD1 than patients with asymptomatic
high-grade carotid stenosis®*. Administration of spe-
cialized pro-resolving mediators (including RvE1, RvD1,
RvD2 or maresin 1) promoting the increase in the ratio
of specialized pro-resolving mediators to LTB4 is asso-
ciated with decreased progression of atherosclerosis and
activation of efferocytosis in mouse models**~"". RvE1
and RvD1 have been evaluated in mouse models of MI,
revealing that specialized pro-resolving mediators pro-
mote inhibition of MAPK and NF-«B signalling in the
infarcted myocardium to limit inflammation, reduce
myocardial apoptosis and increase M2 macrophage
recruitment”**-*'",

NLRP3 inhibitors currently in clinical trials. Several
small molecules (<20 carbon-carbon bonds) have been
developed that inhibit the NLRP3 inflammasome?"’
(TABLE 3). Inzomelid (MCC7840) inhibits NLRP3
inflammasome with half maximal inhibitory concen-
trations of <100 nmol/I*'"". Inzomelid was being tested
in a phase I clinical trial in patients with Parkinson
disease’” and in a phase II clinical trial in patients with
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cryopyrin-associated periodic syndromes”?, but the
studies have been withdrawn by the sponsor. In car-
diovascular disease and arthritis, somalix has shown
selective inhibition of the NLRP3 inflammasome,
together with acceptable safety and tolerability in a
phase I clinical trial in healthy individuals in Ireland*"".
In patients with HF with reduced LV ejection fraction,
therapy with anakinra reduced circulating levels of CRP
and IL-1 and improved cardiorespiratory function and
quality of life compared with placebo?’'*. Dapansutrile,
also known as OLT1177, specifically targets NLRP3
inflammasome-induced release of IL-1p and IL-18
to prevent inflammation®”®. A phase Ib, randomized,
double-blind, dose-escalation study of dapansutrile
in patients with systolic HF found that treatment with
dapansutrile for 14 days is safe, well tolerated and, at
the highest dose of 2,000 mg, improves LV ejection
fraction and exercise time compared with baseline*'°.
Dapansutrile is currently being tested in phase II clin-
ical trials in patients with Schnitzler syndrome®'” and
in patients with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)-induced cytokine storm*'*.

Tranilast (also known as rizaben), a well-known
anti-allergic medication that has shown efficacy for the
treatment of tissue fibrosis, is an antagonist of NLRP3 oli-
gomerization via a specific interaction with the NACHT
domain of NLRP3 (REF?"). The anti-inflammatory effects
of tranilast are currently being tested in a phase I clinical
trial in patients with mucinoses*” and in a phase II clin-
ical trial in patients with cryopyrin-associated periodic
syndromes””'. Pirfenidone, which has anti-pulmonary
fibrosis properties, inhibits NLRP3 inflammasome

Box 1| Main areas to be addressed in future research

Basic and translational studies

* What are the factors leading to cardiomyocyte inflammatory signalling activation

in atrial fibrillation and atrial fibrillation-promoting pathologies?

* Do cardiac cells other than cardiomyocytes (such as adipocytes, fibroblasts and neural
cells) have intact inflammasome systems and are they altered in atrial fibrillation?

¢ Does activation of cardiomyocyte inflammatory signalling recruit and activate
macrophages and other inflammation-associated leukocytes in the heart?

* What are the characteristics of inflammation resolution signalling in cardiomyocytes
and other cardiac cells and how is this system altered in atrial fibrillation?

e Are there differences in pro-resolution mediators and signalling pathways between
paroxysmal and persistent atrial fibrillation?

* How do the properties of inflammatory signalling activation differ at various stages
of atrial fibrillation?

* How do resolution-promoting compounds affect NLRP3 inflammasome priming and
triggering in animal models of atrial fibrillation?

e Are there specific properties of atrial cardiomyocyte inflammatory signalling that
could be used to develop cardiac-specific or even atrial-specific anti-inflammatory
interventions?

Clinical investigation
* What is the safety and toxicity profile of resolution-promoting compounds in
humans?

e Can compounds be developed that target atrial cardiomyocyte inflammatory
signalling with sufficient safety for long-term use in patients with atrial fibrillation
and individuals with increased risk of atrial fibrillation?

e Are there biomarkers that can reliably identify and quantify cardiomyocyte NLRP3
inflammasome activation in humans?
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activation and NLRP3 inflammasome-induced fibro-
sis in mice****’, and potential translational applica-
tion in humans has been suggested’”’. Pirfenidone
is currently being tested in several clinical trials in
fibrosis-associated disorders, including pulmonary
fibrosis®'®. Canakinumab blocks NLRP3 activity by
inhibiting IL-1p. In the CANTOS trial***, canakinumab
therapy decreased cardiovascular events compared with
placebo in patients with previous MI and hsCRP lev-
els of 22 mg/1. Canakinumab is currently being tested
in a phase II clinical trial evaluating the effect of IL-1§
inhibition on inflammation and the risk of cardiovas-
cular disease’"’. Belnacasan (also known as VX-765),
a specific inhibitor of caspase 1, prevents NLRP3
inflammasome-induced inflammation after ischaemia—
reperfusion in mice*””. Belnacasan is currently being
tested in a phase II clinical trial aiming to decrease the
inflammatory response in patients with SARS-CoV-2
infection®.

None of the clinically applicable specific NLRP3
inhibiting agents is currently under evaluation for AF,
but several of them should be studied in both preclinical
and clinical models in the future.

Colchicine, an anti-inflammatory medication that
blocks NLRP3 oligomerization®”, is commonly used
to treat gout and has been shown to reduce the inci-
dence of MI, stroke and coronary revascularization
compared with placebo when administered for sec-
ondary prevention in patients with coronary artery
disease’”. On the basis of the anti-inflammatory effects
of colchicine and the evidence for the importance of
NLRP3 inflammasome-related inflammatory signal-
ling in AF, colchicine has been suggested as a potential
AF-preventing agent, with particular interest for con-
texts involving inflammation, such as postoperative
AF?». However, available data suggest no effects of
colchicine therapy on AF occurrence”**'. Large, ran-
domized, double-blind trials currently underway, such
as the COP-AF study*?, will provide insights into this
question.

Implications and future directions

Implications of the role of cardiomyocyte inflamma-
tory signalling in AF. The observation that cells such
as cardiomyocytes, fibroblasts and adipocytes, not
previously considered to induce or maintain inflam-
mation, have the biochemical machinery necessary
to engage inflammatory signalling is interesting and
potentially important. The observation that inflamma-
tory signalling is increased in cardiomyocytes of patient
populations with AF substrates and risk factors, and
that cardiomyocyte-specific overexpression of active
pro-inflammatory proteins creates the conditions for AF
in animal models, points to the mechanistic relevance of
this system in clinical AE.

These findings are of potential pathophysiological
importance. Patients with so-called ‘secondary’ AF
owing to acute illness, such as sepsis, acute infectious
disease, recent surgery or MI, are likely to have recurrent
AF in the future’”. This observation has been largely
unexplained. However, if atrial cardiomyocyte inflam-
matory signalling with consequent structural and/or
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Fig. 4 | Cardiomyocyte-immune cell interactions promote and maintain atrial
fibrillation. Dynamic interactions between cardiac cells and immune cells create a pro-
inflammatory substrate for the promotion and maintenance of atrial fibrillation. Atrial

fibrillation-promoting risk factors activate various mediators that signal through pattern-
recognition receptors (PRRs) on cardiomyocytes to activate the cardiomyocyte NLRP3
inflammasome, leading to the release of IL-1p and IL-18 and activation of signalling path-
ways dependent on Ca?*/calmodulin-dependent protein kinase Il (CaMKI), reactive oxy-
gen species (ROS) and nuclear factor-kB (NF-kB). Subsequent activation of IL-1 receptor

type 1 (IL-1R1) on macrophages promotes feedforward amplification of inflammatory
signalling, whereas IL-1R1-mediated stimulation of fibroblasts causes extracellular
matrix remodelling. Together, these processes result in cardiomyocyte Ca?* handling
abnormalities, including ryanodine receptor 2 (RYR2) channel remodelling, delayed
afterdepolarizations, and triggered action potentials and ectopic activity, as well as
re-entry-promoting effective refractory period (ERP) shortening and fibrotic structural
remodelling, thereby inducing the principal mechanisms responsible for atrial fibrilla-
tion. Angll, angiotensin Il; ANP, atrial natriuretic peptide; DAMPs, damage-associated
molecular patterns; LPS, lipopolysaccharide; GSDMD, gasdermin D; GSDMD-NT,
gasdermin D amino terminus; NLRP3, NACHT-, LRR- and pyrin domain-containing 3;
Thr, thrombin; TNF, tumour necrosis factor.

electrophysiological changes is a common underlying
theme, this phenomenon can be explained by the notion
that the atrial substrate must reach a critical threshold
to manifest AF. This critical threshold can be achieved
by gradual progression to the critical state of substrate
progression, but if intercurrent, acute pro-inflammatory

contexts provide a transient increase in the atrial sub-
strate, AF might manifest in a transient way before
the underlying substrate reaches the threshold for
arrhythmogenesis on its own. Following the resolution
of the acute stress, the substrate will generally return to
the previous subthreshold level, only to reach the thresh-
old for AF development by gradual subsequent progres-
sion. This interesting possibility requires verification in
future studies.

Extensive, but in some ways circumstantial, evidence
for a role of inflammation in AF was available before
the observation of the contribution of cardiomyocyte
inflammatory signalling to AF*. However, the manifes-
tations of atrial inflammation have been mild, and con-
ventional anti-inflammatory drugs have had little or no
efficacy in clinical trials in AE. Part of the explanation
for the lack of efficacy of traditional anti-inflammatory
agents in AF despite a role of atrial inflammation in this
condition might be the localized and atypical nature of
cardiomyocyte-derived inflammatory signalling and
the lack of direct clinical proof of the anti-AF efficacy of
selective NLRP3 inhibitors. Much more work is needed
to characterize this phenomenon, identify its causes and
clarify its pathophysiological and therapeutic relevance.
The therapeutic implications relate to better understand-
ing of the natural history of AF and its mechanisms, as
well as specific therapeutic targets, as discussed above
and tabulated in TABLE 3.

Key areas for future research. The study of inflamma-
tory signalling in atrial cardiomyocytes is a rapidly
evolving area, and many important questions remain
to be addressed (BOX 1). In the basic and translational
arena, we need to understand the factors that prime and
trigger (activate) the cardiomyocyte NLRP3 inflam-
masome. Do cardiac diseases and risk factors release
DAMPs and/or other danger signals in atrial tissue?
Does increased atrial pressure and/or volume affect
cardiomyocyte inflammatory signalling? What is the
precise role of atrial rate? What is the role of oxidative
stress or other signals related to neurohormones (such as
adrenergic neurotransmitters and angiotensin II)?

The role of NLRP3 inflammasome signalling in
non-myocyte cardiac cells needs to be examined and, if
validated, its effects on atrial electrophysiology, structure
and function examined. We also need to know whether
these systems are altered in different forms of AF in
animal models and in patients. Cardiomyocyte NLRP3
inflammasome signalling has the capacity to release
pro-inflammatory cytokines. It would be important to
know whether such cytokine release can exert paracrine
functions on neighbouring cells and whether it can result
in more classic inflammatory cell recruitment and acti-
vation (FIC. 4). To identify which non-myocyte cell type
is most relevant in different cohorts of patients or animal
models with AF vulnerability, unbiased omics studies
at the single-cell level could be performed. Single-cell
and single-nucleus RNA sequencing or single-cell pro-
teomics studies can help to identify discrete cell subtypes
in atrial tissue from animal models and patients with
AF#**»_ Bioinformatic analysis can not only identify the
differentially expressed genes or proteins within each
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cluster of cells, but also reveal which cell types have the
most prominent changes at the transcriptional or protein
level. Furthermore, analysis of cell-to-cell interactions
can uncover networks that drive the development and
progression of cardiac diseases™*.

The systemic mechanisms leading to cardiac acti-
vation of inflammatory signalling and of the NLRP3
system in particular are unknown. Ageing-related
increases in levels of circulating LPS derived from
gut microbiota dysbiosis, together with increased
glucose intolerance, are potential primers and trig-
gers of the atrial NLRP3 inflammasome system®”.
Hepatocyte-derived angiotensinogen can be taken up by
cardiac fibroblasts and can activate ventricular NLRP3
inflammasome via an angiotensin II-independent path-
way, thereby causing IL-1p-mediated suppression of
sarcoplasmic/endoplasmic reticulum Ca?* ATPase 2A
in cardiomyocytes”*. Whether these mechanisms contri-
bute to the activation of NLRP3 inflammasome in atrial
cells of patients with AF is unknown and requires fur-
ther study. The precise mechanisms of NLRP3 priming
and triggering in heart cells need further assessment and
potential atrial-ventricular differences in NLRP3 acti-
vation should be defined. For instance, at the ventricu-
lar level, IL-1f seems to be primarily released from
cardiac fibroblasts rather than cardiomyocytes'*>!%51%,
Conversely, GSDMD seems to be primarily synthesized
and active in ventricular cardiomyocytes but not in
fibroblasts, at least in mice’”. GSDMD-mediated pyrop-
tosis of ventricular cardiomyocytes is a key event during
myocardial ischaemia-reperfusion injury**. Therefore,
it seems that there is separation of labour between ven-
tricular fibroblasts (IL-1f release) and cardiomyocytes
(GSDMD-mediated pyroptosis) in the response to
ischaemia-reperfusion injury**. Whether these princi-
ples apply to atrial cells is unknown and requires detailed
investigation in future work.

The relative contributions of IL-1a, IL-1f and IL-18
to inflammatory signalling and cardiac dysfunction are
unknown and should be studied in future work. Which
atrial cells are the primary cell type for the synthesis
and release of IL-1a, IL-1p and IL-18 remains to be
determined.

The properties of inflammation resolution-promoting
systems in cardiomyocytes and other cardiac cell
types are very poorly understood. Further informa-
tion is essential for a fuller appreciation of the role of
inflammation resolution in the heart. We also need to
understand whether the properties of these systems
are affected by AF or AF-promoting conditions. The
interactions between NLRP3 inflammasome signalling

(2020).
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REVIEWS

and resolution-promoting pathways need to be under-
stood, and how activation of one system affects the
other needs to be appreciated. Crucially, we need to
understand whether atrial cardiomyocyte inflamma-
tory signalling has specific properties that could be
used to develop cardiac-specific or even atrial-specific
anti-inflammatory interventions.

We need to understand how the properties of inflam-
matory signalling activation differ at various stages of
AF. Does NLRP3 inflammasome activation differ in
patients with paroxysmal, persistent or long-standing
persistent AF? If there are differences, are parallel
changes seen in relevant animal models? Similarly, does
pro-resolution signalling differ at corresponding phases?
Can blood biomarkers be identified that could be used
to identify and quantitatively evaluate cardiomyocyte
NLRP3 system activation in humans?

The ultimate key questions relate to therapeutic
implications. Can we use this evolving basic science
knowledge to develop compounds that target atrial
cardiomyocyte inflammatory signalling with sufficient
safety for long-term use in patients with AF and those
at increased risk of AF, and thereby favourably alter the
natural history of the condition? n-3 PUFAs are pre-
cursors of resolvins, but have not generally been found
to be protective in AF, with some evidence for benefit,
many studies suggesting no effect and other data sug-
gesting adverse effects on AF occurrence’”. Might the
large number of bioactive products derived from n-3
PUFAs in humans be the explanation, with some being
pro-inflammatory and others, such as resolvins, being
anti-inflammatory? Could this explain the variable
clinical results? What is the safety and toxicity profile of
resolution-promoting compounds in humans? Can they
be used in a practical way to prevent the promotion of
the AF substrate and prevent recurrences after AF abla-
tion, or even be used in primary prevention in patients
at high risk of AF?

Conclusions

The existence of inflammatory signalling in cardiomy-
ocytes and its pathophysiological importance in AF
have been recognized only for the past 5 years. This
knowledge has great potential importance, both for
understanding AF pathophysiology and for improving
the treatment of AE. A great deal of additional work is
needed before the relevance of this new knowledge can
be fully evaluated, but careful attention to this promising
area of research is warranted.
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