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Aims Endurance exercise is associated with an increased risk of atrial fibrillation (AF). We previously established that adverse atrial re-
modelling and AF susceptibility induced by intense exercise in mice require the mechanosensitive and pro-inflammatory cytokine 
tumour necrosis factor (TNF). The cellular and mechanistic basis for these TNF-mediated effects is unknown.

Methods 
and results

We studied the impact of Tnf excision, in either atrial cardiomyocytes or endothelial cells (using Cre-recombinase expression con-
trolled by Nppa or Tie2 promoters, respectively), on the cardiac responses to six weeks of intense swim exercise training. TNF 
ablation, in either cell type, had no impact on the changes in heart rate, autonomic tone, or left ventricular structure and function 
induced by exercise training. Tnf excision in atrial cardiomyocytes did, however, prevent atrial hypertrophy, fibrosis, and macro-
phage infiltration as well as conduction slowing and increased AF susceptibility arising from exercise training. In contrast, endothe-
lial-specific excision only reduced the training-induced atrial hypertrophy. Consistent with these cell-specific effects of Tnf excision, 
inducing TNF loss from atrial cardiomyocytes prevented activation of p38MAPKinase, a strain-dependent downstream mediator of 
TNF signalling, without affecting the atrial stretch as assessed by atrial pressures induced by exercise. Despite TNF’s established role 
in innate immune responses and inflammation, neither acute nor chronic exercise training caused measurable NLRP3 inflamma-
some activation.

Conclusions Our findings demonstrate that adverse atrial remodelling and AF vulnerability induced by intense exercise require TNF in atrial 
cardiomyocytes whereas the impact of endothelial-derived TNF is limited to hypertrophy modulation. The implications of the 
cell autonomous effects of TNF and crosstalk between cells in the atria are discussed.
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1. Introduction
Atrial fibrillation (AF) is the most frequent sustained supraventricular ar-
rhythmia in humans, with its incidence expected to double by 2060.1

While cardiovascular disease (CVD), poor cardiovascular health and aging 
are linked to an increased risk of AF,2 it is now clear that endurance athletes 
paradoxically have an AF risk similar to CVD patients,3,4 despite profoundly 
better ventricular function and cardiovascular health.5 Although the mech-
anistic basis for an increased prevalence of AF with endurance sport is 
largely unknown, endurance exercise induces both atrial enlargement 
and elevated cardiac parasympathetic nerve activity (PNA).6 As in humans, 
intense exercise in rodents also leads to physiological ventricular remodel-
ling as well as increased cardiac PNA and atrial hypertrophy,7 but these 
adaptations are accompanied by atrial fibrosis and inflammation, both hall-
marks of AF in CVD patients.8

The relationship between AF in endurance athletes vs. CVD patients is 
unclear, and the underlying mechanisms remain largely unknown. 
Nevertheless, a common feature of most cardiovascular disease conditions 
linked to AF is elevated atrial pressures.9 In this regard, intense exercise is 
known to cause a marked elevation in venous filling pressures (to 20– 
40 mmHg),10,11 as required for enhancing cardiac output needed during 
exercise. Such elevations in filling pressure have been shown to cause a 
two-fold greater expansion of atria compared to ventricles,7,12 which 
can readily explain the differential responses of atria vs. ventricles to exer-
cise given that stretch is a powerful stimulus for hypertrophy, fibrosis, and 
inflammation.13,14 Involvement of stretch in exercise-mediated atrial 
changes is supported by our previous studies showing that blocking tu-
mour necrosis factor (TNF),7,15 a well-known mechanosensitive16 and 
pro-inflammatory cytokine,7 protected against adverse remodelling and 
AF vulnerability induced by endurance exercise. Interestingly, numerous 
previous studies in animal and humans have implicated TNF in the patho-
genesis AF.17

In this study, we focused on the cellular origins of the TNF responsible 
for stretch-mediated AF and atrial remodelling associated with exercise. 
Since both cardiomyocytes and endothelial cells18 respond strongly to 
stretch, with their architectural arrangement facilitating multidirectional 
paracrine and mechanical crosstalk between cell types,19 we exercised 

mice with Tnf excision in either atrial cardiomyocytes (using NPPA-Cre) 
or endothelial cells (using Tie2-Cre). Our results establish that excision of 
Tnf in atrial cardiomyocytes prevents atrial hypertrophy, fibrosis, and in-
creased macrophage numbers as well as increased AF vulnerability induced 
by exercise training, without affecting the beneficial physiological ventricu-
lar remodelling or elevated cardiac PNA activity. In contrast, Tnf excision 
specifically in endocardial and endothelial cells only prevented exercise- 
induced atrial hypertrophy. These observations highlight cell autonomous 
and non-redundant roles of TNF in exercise-induced AF. Moreover, unlike 
AF in both patients and animal heart disease models,20,21 the NLRP3 in-
flammasome was not activated with chronic exercise, although trends of 
NLRP3 inflammasome activation were observed with bouts of acute exer-
cise in both atria and ventricles.

2. Methods
2.1 Experimental animals
This study was carried out in adherence with the current guidelines of the 
Canadian Council of Animal Care and NIH. The protocol was approved 
by the Animal Care Committee at York University (2016-3). Studies be-
gan with 6-week-old male mice (body weight = 30–35 g) in a CD1 back-
ground (back-crossed a minimum of eight times). Mice were housed at a 
constant temperature (22 ± 1°C) with a 12 h:12 h light–dark cycle and 
fed with a standard laboratory mouse diet ad libitum with free access 
to water.

2.2 Genotypes of CD1 mice and the 
generation of Tnf excision in atrial 
myocardium and endothelial cells
We used mice with floxed TNF genes (Tnf flox/flox) generated previously.22

Atrial-specific Tnf excision was achieved by generating Tnf flox/flox mice that 
heterologously express Cre-recombinase under the control of a truncated 
promoter of the Nppa gene (Nppa-Cre), driving expression in atrial (but 
not ventricular) cardiomyocytes.23 Endothelial cell-specific Tnf excision was 
achieved by crossing Tnf flox/flox mice with Tie2-Cre mice [B.6 Cg-Tg (Tek-cre) 
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12Flv/J, Stock#004128, Jackson Laboratories].24 Littermate control Tnf flox/flox 

mice did not express Cre-recombinase (i.e. Cre−).
Genotyping was performed by placing tail samples into 300 μL of 0.05 M 

NaOH and heating to 95°C for 1–1.5 h. After neutralizing the pH with 
100 μL of 0.5 M Tris-HCl buffer (pH 8.0), 2 μL of supernatant was used 
for PCR-based detection as described previously.16 Primers for detection 
of Tnf flox/flox and Cre are outlined in the Supplementary material online, 
Supplementary Methods.

Cre expression in atrial cardiomyocytes was confirmed using immuno-
histochemistry for Cre (1:1000, Cell Signaling Cat#15036) in paraffin em-
bedded fixed (4% paraformaldehyde, PFA) heart tissue (5 µm) slices with 
secondary anti-rabbit IgG antibody (1:1000 Abcam Cat#ab150075) for de-
tection. Tissue slices were labelled with WGA (1:500) and DAPI (Abcam 
Cat#ab104139) to visualize the cell membrane and nuclei, respectively. 
Cre expression was seen in the atria (but not ventricles) of mice possessing 
the Nppa-Cre transgene (Nppa-Cre+ mice) (see Supplementary material 
online, Figure S1A). In contrast, Cre expression was seen in both the atria 
and ventricles of mice expressing the Tie2-Cre transgene (Tie2-Cre+) (see 
Supplementary material online, Figure S1A). No evidence of Cre expression 
was detected without (Cre−) the Nppa-Cre or Tie2-Cre transgenes.

Tnf excision in Nppa-Cre mice was further assessed by performing qtPCR 
on genomic DNA (Invitrogen cat#K1820-01) samples isolated from tissues 
and cardiomyocytes after enzymatic digestion. Tnf expression in atrial tis-
sue from Nppa-Cre+ mice was reduced by ∼50% compared to ventricles 
while being reduced by >70% in DNA isolated from atrial cardiomyocytes 
compared to ventricular cardiomyocytes (see Supplementary material 
online, Figure S1B). While these findings might suggest incomplete Tnf ex-
cision in atrial cardiomyocytes in Nppa-Cre+ mice, our estimates are ex-
pected to be affected by the presence of other cell types in tissues and 
incomplete cardiomyocyte purification following digestion. We previously 
demonstrated Tnf excision in endothelial cells in Tie2-Cre+ mice.25 When 
interpreting our results, we considered the impact of possible incomplete 
excision.

2.3 Swim exercise protocol
Swim training was performed during the light phase of the light–dark cycle. 
Mice were randomized to eight experimental groups: (i) Tnf excision 
(Nppa-Cre+ or Tie2-Cre+) sedentary, (ii) Tnf excision (Nppa-Cre+ or 
Tie2-Cre+) swim training, (iii) littermate Cre− sedentary, and (iv) littermate 
Cre− swim training. Mice swam in containers (30 cm diameter) filled with 
water at 32–33°C circulating at ∼15–20 L/min generated by a central sub-
mersible water pump. We have previously shown that when mice swim 
against water currents (see Supplementary material online, Video S1), their 
stress hormone (i.e. faecal corticosterone) levels are not elevated,26 unlike 
what has been reported in other forced swim protocols (i.e. tail-weights, 
water bubbling, and detergents). Swim training started with sessions lasting 
30 min that subsequently increased by 10 min per day until the session 
length reached 90 min. Thereafter, the mice swam for 90 min twice daily 
(separated by 4 h) for the following 6 weeks on weekdays. For studies ex-
ploring the acute effects of swimming exercise, mice were familiarized for 
10 min per day for 3 days, followed by 2 days of two 90 min swim sessions 
daily separated by 4 h. Sedentary mice were placed in swim containers 
without water current twice daily for 5 min.

2.4 Echocardiography
Left ventricular (LV) functional and morphological remodelling was as-
sessed as previously described.7 Briefly, mice were anaesthetized with 
1.5% isoflurane oxygen mixture and placed on a heated stage that main-
tained body temperature between 36.9 and 37.3°C. Transthoracic 
M-mode echocardiographic examination was conducted using a 30 MHz 
ultrasonic linear transducer scanning head (Vevo2100, VisualSonics). All 
LV functional indices, chamber size, and wall diameter measurements 
were collected in the long-axis view and analysed using the VisualSonics 
cardiac analysis suite.

2.5 Invasive haemodynamic assessments
As done previously,7 mice were anaesthetized using 1.5% isoflurane oxy-
gen mixture and maintained between 36.9 and 37.3°C. The right common 
carotid was dissected and cannulated using a 1.2 F pressure catheter 
(Transonic) that was subsequently advanced into the LV. Data were ana-
lysed using LabScribe3 (iWorx) software.

2.6 Telemetric haemodynamics
To assess haemodynamic changes during intense exercise, radiofrequency 
emitting haemodynamic telemetry devices (PA-C10, Data Sciences 
International, DSI) were implanted sub-dermally into the interscapularis re-
gion, as previously described.10 Briefly, mice were anaesthetized (2.5% iso-
flurane in oxygen), given a loading dose of Metacam (2 mg/kg sc), and 
maintained on a heating pad at 37°C. The fluid-filled catheter was inserted 
into the right common carotid artery and advanced into the LV. After re-
covery (7–10 days), a 30 min baseline recording preceded an acute 30 min 
swim session. LV end-diastolic pressure (LVEDP) was used as an index of 
left atrial pressure. Data were analysed using Ponemah Physiology Platform 
Plus (P3) analysis software (v6.4; DSI).

2.7 Electrocardiography
Surface ECG measurements were conducted on anaesthetized mice (1.5% 
isoflurane oxygen mixture) at a steady temperature (36.9–37.3°C) using 
sub-dermal platinum electrodes (NeuroSource Medical) in the lead II 
arrangement. Digitized data were continuously collected (Gould 
ACQ-7700) and analysed using Ponemah P3 software (DSI). To assess car-
diac autonomic modulation of heart rate (HR), the HRs of anaesthetized 
mice were determined at baseline and following sequential pharmacologic-
al blockade with atropine sulfate (2mg/kg, ip) and propranolol hydrochlor-
ide (10mg/kg, ip) (Sigma-Aldrich) to inhibit parasympathetic and 
sympathetic cardiac regulation, respectively.

2.8 Cardiac electrical remodelling and 
arrhythmia vulnerability
Electrical properties and arrhythmia vulnerability were assessed as previ-
ously described.15 Briefly, following anaesthetization (1.5% isoflurane oxy-
gen mixture), the right jugular vein was isolated and a 2.0 F octapolar 
recording/stimulation EP catheter (CI’BER Mouse, Numed) was inserted 
and advanced into the right ventricle. Programmed electrical stimulations 
were delivered to either the right atria or right ventricle to assess arrhyth-
mia vulnerability. All stimulations were delivered at a magnitude of 1.5× 
capture threshold and 1 ms pulse duration. Effective refractory periods 
(ERPs) were determined by delivering nine pulses at 20 ms below the 
R-R interval followed by an extra stimulation. The S2 coupling interval 
was initially delivered above capture (∼40 ms) and reduced by 5 ms incre-
ments until capture. For arrhythmia induction, 27 pulses at 40 ms intervals 
were applied to each chamber and reduced at 2 ms decrements to 20 ms. 
In the absence of inducibility, 20 trains (every 1.5 s) of 20 pulses (2 ms dur-
ation) at a 20 ms interpulse interval were applied. Only reproducible epi-
sodes of rapid, chaotic, and continuous atrial or ventricular activity ≥  
10 s were defined as a sustained arrhythmic event.

2.9 Optical mapping
Heparinized mice were euthanized with an anaesthetic overdose of isoflur-
ane (∼5%). After deep anaesthesia was achieved, the thorax was opened 
by mid-sternal incision. The heart was quickly excised into warn (35°C) 
Tyrode’s solution (in mmol/L): 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1 MgCl2, 
1.8 CaCl2, 5.55 D-glucose, 5 HEPES, and 10 U/mL heparin (pH 7.4). The 
heart was pinned to a Sylgard coated Petri dish, and the pericardium and 
any other residual tissue were excised. The atria were separated from 
the ventricles by making an incision along the connective tissue in the atrio-
ventricular groove. Atria were pinned to reveal the mitral and tricuspid 
valves, and atrial fat pads and residual tissue were removed. Next, the 
orientation of the atria was flipped to expose the pulmonary veins, the 
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mitral and bicuspid valves were removed, and any additional residual tissue 
was excised. Finally, incisions were made in a straight path along the super-
ior and inferior vena cava to ‘open’ the atria. Atria were then transferred to 
a separate dish and superfused continuously with carbogenized (95% O2/ 
5% CO2) Krebs solution at 35°C (in mmol/L): 118 NaCl, 4.2 KCl, 1.2 
KH2PO4, 1.5 CaCl2, 1.2 MgSO4, 2.3 NaHCO3, 20 D-glucose, and 2 
Na-pyruvate (pH 7.35–7.4).

For optical mapping experiments, isolated atrial were stained for 10 min 
with voltage-sensitive dye (10 μM, Di-4-ANEPPS, Sigma-Aldrich) and then 
continuously superfused at a constant volume and flow rate with carbo-
genized Krebs solution (35°C, pH: 7.35–7.4). Atria were paced at 90 ms 
intervals from the left atrial appendage, and images were captured using 
a high speed camera (1000 frames/s) (MiCAM Ultima-L, SciMedia) in order 
to generate activation maps and calculate conduction velocities. Atria ar-
rhythmia inducibility was assessed and characterized as described above. 
Images were acquired using the Ultima Acquisition system (Brainvision), 
and data were analysed using BV_Analyze (Brainvision, Tokyo, Japan) or 
Rhythm (Washington, DC, USA) software.

2.10 Morphometry and histological 
assessments
After functional assessments were completed, animals were weighed and 
euthanized with an anaesthetic overdose of isoflurane (∼5%). After deep 
anaesthesia was achieved, the thorax was opened via a complete bilateral 
thoracotomy, the inferior vena cava cut, and 1% KCl in 0.01 M PBS was ad-
ministered transapically. Hearts were excised, blotted dry, and weighed, 
and the atria and ventricular tissue were separated to weigh individual 
chambers. The right tibia was harvested and measured for heart weight 
normalization (Table 1).

For histology, hearts were perfused with PBS containing 1% KCl fol-
lowed by 4% PFA in 0.01 M PBS and stored overnight in 4% PFA in 
0.01 M PBS at 4°C. Hearts were then embedded in paraffin, and 5 μm 
thin sections were stained with Picrosirius red (PSR) for collagen visualiza-
tion and quantification. The atria were imaged using an Aperio AT2 bright-
field whole slide scanner (Leica Biosystems) (20×; 0.5 μm/pixel) and 
analysed with Aperio ImageScope. Collagen expression was quantified 
using ImageJ software as the ratio of positively stained tissue area to total 
tissue area of each section using the threshold method.7

To visualize macrophage infiltration, F4/80+ staining was used. A Nikon 
A1R (Nikon) confocal laser scanning microscopy system was used to ac-
quire the whole atrium image of each section by combining both XY stitch-
ing and Z stack function. To quantify macrophage infiltration, F4/80+ cell 
counts per mm2 of tissue area were determined for each slice. For ven-
tricular assessments, 5–10 images were randomly sampled from the LV 
of each section and quantified as above.

2.11 p38MAPK western blot analysis
Atrial samples were isolated and snap frozen in liquid nitrogen. Protein was 
extracted in a cell lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 50 mM NaF, 1 mM Na3VO4, 
1 mM PMSF, 2 mM benzamidine, 1 μg/mL leupeptin) and centrifuged at 
12 000×g for 15 min. Next, supernatants were extracted, and protein con-
centration was measured using Bio Rad ABS Protein Assay reagent 
(#5000114, #5000113, #5000115). Each sample (40 μg) was resolved 
by 10% sodium dodecyl sulfate-PAGE (SDS-PAGE) and transferred to 
nitrocellulose membranes that were incubated with the following primary 
antibodies: phosphorylated p38MAPK (1:1000, BD #612281), endogenous 
p38MAPK (1:1000, #9212, Cell Signaling Technology, USA) and with sec-
ondary antibodies anti-mouse or anti-rabbit (1:10 000, #926-32210, 
#926-68071, Mandel Scientific). The membrane was scanned on a 
LICOR Odyssey Infrared Imaging System, with different fluorescent chan-
nels (700 and 800 nm) used to visualize total p38 and phospho-p38 on the 
same blot. Band analysis was performed using Image Studio Lite software 
(v5.2).

2.12 NLRP3 inflammasome western blot 
analysis
Atria and ventricles were isolated from sedentary and 6-week swim- 
trained mice and frozen in liquid nitrogen. Tissues were homogenized using 
Pierce™ RIPA buffer (89900, Thermo Scientific) supplemented with pro-
tease inhibitor and PMSF. After centrifugation at 12 000 rpm for 20 min at 
4°C, supernatants were extracted, and protein concentrations were deter-
mined using DC protein assay kit (5000111, Bio Rad). A total of 40 µg/well 
of atrial and ventricular tissue lysates were subjected to electrophoresis 
on 12.5% SDS-PAGE and transferred onto PVDF membranes. Blots 
were incubated with primary antibodies against the following proteins: 
NLRP3 (1:2000, CST #15101, Cell Signaling Technology), IL-1β 
(1:1000, #31202S, Cell Signaling Technology), and Caspase-1 (1:1000, 
#sc-56036, Santa Cruz Biotechnology). GAPDH was detected using ab 
Anti-GAPDH antibody (1:1000, #ab8245, abcam). Immobilon Forte 
Western HRP substrate and SuperSignal West Pico PLUS chemilumines-
cent substrate were used for detection, and band analysis was performed 
using ImageLab 6.1, Bio Rad.

2.13 RNA sequencing of NLRP3 
inflammasome
Tissue harvesting, RNA extraction, RNA library preparation and sequen-
cing, and analysis of RNA-sequencing data in 2-day (four-session) and 
2-week mice were undertaken, as previously described27 (see 
Supplementary material online, Supplementary Methods).

2.14 Quantitative real-time PCR
Total RNA was isolated from the atria and ventricles of Cre− and Nppa- 
Cre+ sedentary and acute (2-day, four-session) swim mice using the 
RNeasy Mini Kit (#74104, Qiagen) according to the manufacturer’s in-
struction, and cDNAs were generated using High-Capacity cDNA 
Reverse transcription kit (Applied Biosystems, #4368814). qPCR was con-
ducted in triplicated in 384-well plates using CFX384™ Real-Time System, 
Bio-Rad Laboratories. Relative mRNA transcript levels (normalized to 
GAPDH) were determined with quantitative real-time PCR using 
PowerUp SYBR Green Master Mix (Applied Biosystems, #A25741). The 
expression levels were measured using the ΔΔCT method, and data 
were reported as fold change. Primer sequences can be found in 
Supplementary material online, Supplementary Methods.

2.15 Serum tumour necrosis factor (TNF) 
levels
Blood samples were collected from abdominal vena cava of Cre− and 
Nppa-Cre+ sedentary and acute (2-day, four-session) swim mice at 24 h 
post-exercise in EDTA coated tubes (#16.444.100, Sarstedt). Plasma 
was centrifuged for 15 min at 3300 rpm, and samples were stored at 
−80°C until further analyses. TNF was measured using ELISA Kit 
(MTA00B, R&D Systems) according to manufacturer’s instructions. The 
standard series were made according to the manufacturer’s instructions. 
Briefly, the lyophilized TNF was reconstituted with ddHdH2O to a stock 
solution of 7000 pg/mL. Calibrator diluent RD6-12 was used to produce 
a dilution series with the following concentrations: 700, 350, 175, 87.5, 
43.8, 21.9, and 10.9 pg/mL.

2.16 Tissue tumour necrosis factor (TNF) 
levels
Atrial and ventricular tissue homogenates of Cre− and Nppa-Cre+ seden-
tary and acute (2-day, four-session) swim mice were prepared in RIPA buf-
fer with protease inhibitor using a polytron homogenizer to extract both 
soluble and membrane forms of TNF protein. Lysate samples were soni-
cated for two rounds of 10 s at 20% amplitude. Samples were subjected 
to ELISA for quantification of tissue TNF (MTA00B, R&D Systems) accord-
ing to the manufacturer’s instructions. The standard series were made 
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according to the manufacturer’s instructions. Briefly, the lyophilized TNF 
was reconstituted with ddHdH2O to a stock solution of 7000 pg/mL. 
Calibrator diluent RD5K was used to produce a dilution series with the 
following concentrations: 700, 350, 175, 87.5, 43.8, 21.9, 10.9, and 
5.45 pg/mL.

2.17 Statistics
Data are presented as mean ± S.E.M. Continuous variables were compared 
between multiple groups of mice (i.e. sedentary and swim-trained 
Nppa-Cre+ and Cre− or Tie2-Cre+ and Cre−) with a two-way analysis of 
variance (ANOVA), and subsequent pairwise comparisons were adjusted 
with the Sidak’s multiple comparison approach. Homogeneity of variance 
was assessed using Levene’s test. AF durations were assessed using a 
Mann–Whitney U test with Dunn’s multiple comparison test as the data 
were not normally distributed (D’Agostino and Pearson omnibus normal-
ity test). To compare arrhythmic events, a 2 × 2 contingency table with 
Fisher’s exact test was used. A repeated measures one-way ANOVA 
with Sidak’s multiple comparison test was used to analyse changes in pres-
sure and heart rate in telemetry-implanted mice. A Wilcoxon signed-rank 
test was used to compare pre–post changes in arrhythmia durations fol-
lowing atropine administration. P values < 0.05 were considered statistic-
ally significant. All statistical analyses were carried out using GraphPad 
Prism (GraphPad Software, Inc.).

3. Results
3.1 Tnf ablation in atrial cardiomyocytes 
attenuates exercised-induced atrial changes 
without affecting physiological remodelling 
of ventricles
Consistent with previous studies,26,28 exercise training caused reductions 
(P = 0.002) in HR (see Supplementary material online, Figure S2A) in wild- 
type control mice (i.e. flox/flox Cre−). These HR changes were linked to 
elevated (P = 0.049) PNA and reductions (P = 0.034) in sympathetic nerve 
activity (SNA) (see Supplementary material online, Figure S2B). 
Importantly, compared to Cre− littermates, mice with Tnf excision in atrial 
cardiomyocytes (i.e. flox/flox NPPA-Cre+) showed the same alterations in 
HR (P = 0.237) as well as control of HR by the cardiac autonomic nervous 
activity (P = 0.477) following exercise training as the Cre- mice (see 
Supplementary material online, Figure S2). Moreover, beating rates of iso-
lated (denervated) atria showed no differences (P = 0.851) between Cre− 
and Nppa-Cre+ with or without exercise (see Supplementary material 
online, Figure S2C), establishing that exercise-induced changes in autonomic 
nervous HR regulation occur independently of TNF originating from atrial 
cardiomyocytes. The slight dilation and small changes in ejection fractions 
seen with exercise training (i.e. ‘athlete’s heart’ phenotype5) were also simi-
lar (P ≥ 0.472) between Nppa-Cre+ and Cre− mice, as were enhancements 
in LV contractility (dP/dtmax) and relaxation (dP/dtmin), with and without 
dobutamine infusion (Table 1). These findings establish that atrial 
cardiomyocyte-specific Tnf excision does not affect exercise-induced 
physiological remodelling of the LV.

Figure 1A shows representative intracardiac bipolar electrograms follow-
ing programmed electrical stimulations to assess the inducibility of AF, 
which was identified by rapid irregular electrical activity lasting for at least 
10 s. Exercise increased (P = 0.028) AF inducibility in Cre− mice (7/15 in 
exercised vs. 0/15 in sedentary), and this effect of exercise was abolished 
(P = 0.013) completely in Nppa-Cre+ mice (0/17 in exercised) (Figure 1B 
and C ). In contrast, ventricular arrhythmias could not be evoked in either 
Nppa-Cre+ or Cre− mice, with or without exercise (see Supplementary 
material online, Figure S3).

To understand the basis for the protection against AF inducibility in 
Nppa-Cre+ mice, we assessed tissue properties. As expected from previous 
studies,7 Figure 2 shows that exercise-trained wild-type (Cre−) mice had in-
creased (P < 0.028) atrial weights (normalized to tibia lengths) as well as 

increased atrial to ventricular weights ratios (Figure 2A and B), mirroring 
the hypertrophy seen in human endurance athletes.5 This difference in 
exercise-induced hypertrophy between atria and ventricles was associated 
with elevated (P = 0.0003) fibrosis (Figure 2D) as well as enhanced (P =  
0.009) macrophage infiltration (F4/80+ cells) (Figure 2E) in atria, neither 
of which was observed in exercised ventricles. Consistent with the protec-
tion against atrial arrhythmia inducibility, Tnf ablation in atrial cardiomyo-
cytes abolished (P < 0.05) atrial hypertrophy (both atrial weights and 
atrial/ventricular weight ratios), prevented (P = 0.0009) atrial fibrosis, and 
decreased (P = 0.023) macrophage infiltration in exercise-trained mice 
(Figure 2). As might be expected, no differences in fibrosis or inflammatory 
cell numbers were observed in LVs between exercise trained and seden-
tary mice in either the Nppa-Cre+ or Cre− mice, although a trend (P >  
0.131) for increased macrophage counts was seen with exercise in both 
groups (see Supplementary material online, Figure S4). Nonetheless, atria 
showed a three-fold greater increase in infiltrating macrophages compared 
to the LV with exercise, establishing clear differences in inflammatory cell 
responses to exercise between the chambers. See Discussion.

To characterize the induced AF events seen in exercised mice in greater 
detail, we investigated the electrical properties of isolated atria. Consistent 
with the in vivo assessments, field recordings of isolated atria revealed that 
sustained atrial arrhythmias could be readily induced (P = 0.026) in atria 
isolated from exercised (4/7) Cre− but not sedentary (0/8) Cre− mice 
(Figure 3A and B). Optical mapping revealed that these arrhythmias were 
characterized by complex and dynamic electrical activity involving rapid fo-
cal activity, re-entry, rotors, and conduction block (Figure 3C), not unlike 
the patterns reported in other animal models of AF.29 More important, at-
ria from exercise-trained Cre− mice had slower (P < 0.0001) conduction 
velocities (CVs) compared to sedentary Cre− atria (Figure 3D and E), as 
might be expected from the increased fibrosis. Exercised Cre− atria also 
displayed prolonged action potential durations (APDs), measured at 90% 
repolarization (APD90), compared to sedentary Cre− mice (Figure 3F), 
which could also contribute to conduction slowing and block. Also 
congruent with the in vivo measurements and the fibrosis results, atrial 
arrhythmias could not be induced in atria isolated from either exercised 
(0/6) or sedentary (0/6) Nppa-Cre+ mice and this coincided with the com-
parable CVs (P = 0.106) between exercised and non-exercised atria from 
Nppa-Cre+ mice. Nevertheless, APD90 was prolonged (P < 0.01) in exer-
cised vs. non-exercised Nppa-Cre+ atria (Figure 3F), demonstrating that 
APD prolongation alone is insufficient to slow conduction or enhance 
AF vulnerability. Also, the CVs in both groups of Nppa-Cre+ atria had faster 
CVs than the exercised Cre− atria but not the non-exercised Cre− atria 
(Figure 3E).

The results in isolated atria support the conclusion that alterations in in-
trinsic refractoriness properties play a minimal role in promoting AF with 
exercise. However, enhanced cardiac PNA has been shown to promote 
AF6 that is particularly relevant in AF linked to endurance sport.4

Nonetheless, no differences (P = 0.825) in the atrial effective refractory 
periods (AERPs) were observed between the four groups of mice (see 
Supplementary material online, Figure S5A). However, following 
cardiac PNA blockade AERPs showed greater prolongation in swim- 
trained vs. sedentary mice (see Supplementary material online, 
Figure S5B) for both the Nppa-Cre+ and Cre− mice and this led to reduced 
(P = 0.009) AF durations (18.9 ± 2.1 s vs. 13.6 ± 0.8 s) in the exercised Cre 
− mice (see Supplementary material online, Figure S5C) without affecting 
the percentage of mice developing AF in response to overdrive atrial pa-
cing. These observations demonstrate that AERP can in principle impact 
on AF vulnerability, as expected.30

3.2 Endothelial-specific Tnf ablation and 
structural and autonomic remodelling in 
exercised mice
Our findings establish that TNF originating from atrial cardiomyocytes is 
required for adverse atrial remodelling and arrhythmia inducibility arising 
from exercise training. Nevertheless, it is conceivable that TNF from other 
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cell types in the atria might also play a role in atrial responses to exercise 
training. Since we previously showed that cardiac hypertrophy in mice with 
Noonan syndrome mutations involves TNF-dependent interactions be-
tween endothelial cells and cardiomyocytes,25 we studied mice with Tnf ex-
cision in endothelial cells. As seen with Tnf excision in atrial 
cardiomyocytes, swim-trained Tie2-Cre+ mice had lower HRs (P =  
0.0002) compared to sedentary controls that were linked to elevations 
(P = 0.025) in cardiac PNA and reductions (P = 0.042) in cardiac SNA 
(see Supplementary material online, Figure S6). Consistent with cardiac 
PNA involvement in the reduced HRs induced by exercise training, no dif-
ferences (P = 0.688) were observed either in HRs between exercise- 
trained vs. untrained Tie2-Cre+ mice following complete ANS blockade 
(see Supplementary material online, Figure S6A) or in beating rates (P =  
0.975) of denervated isolated atria (see Supplementary material online, 
Figure S6C) isolated from exercised vs. non-exercise Tie2-Cre+ mice. In add-
ition, we observed the expected LV physiological changes, as assessed by 
echocardiography and invasive haemodynamics, in both Tie2-Cre+ and 
Cre− swim mice (Table 1).

Exercise training of mice with endothelial-specific Tnf excision 
showed increased (P = 0.033) AF vulnerability, as summarized in Figure 4
(AF induced in 7/24 exercised vs. 0/14 non-exercised Tie2-Cre+ mice), 
which was associated with corresponding increases (P = 0.002) in atrial fi-
brosis (Figure 5C and D) and (P < 0.016) inflammatory infiltrates (Figure 5C 
and E). On the other hand, atria isolated from exercise-trained mice with 
endothelial-specific Tnf excision showed no evidence (P = 0.219) of atrial 
hypertrophy (Figure 5A and B) compared to sedentary controls with endo-
thelial TNF ablation. These observations suggest that cardiac fibrosis plays 
a more dominant role than hypertrophy in the increased AF vulnerability 
associated with intense exercise training. Not unexpectedly, no differences 
in arrhythmia vulnerability (see Supplementary material online, Figure S7), 

fibrosis, nor macrophage infiltration were observed in the LV between 
these groups (see Supplementary material online, Figure S8).

The lack of protection afforded by endothelial-specific Tnf ablation to AF 
inducibility in mice was also seen in isolated atria. Atrial arrhythmia induci-
bility was higher (P = 0.035) in atria isolated from exercise-trained Tie2-Cre 
+ (4/7) mice (Figure 6B) compared to sedentary Tie2-Cre+ littermates (0/8). 
Isochronal activation maps (Figure 6D) of AF events in atria from exercised 
Tie2-Cre+ mice showed conduction velocity slowing (P < 0.003) without 
differences (P = 0.650) in APD90s compared to sedentary controls 
(Figure 6E). Similar differences were observed between exercised and non- 
exercised Cre− mice. Moreover, no differences (P = 0.437) in AERPS were 
observed between the four groups of mice (see Supplementary material 
online, Figure S9A). Nevertheless, the extent of AERP prolongation follow-
ing PNA blockade was greater (P < 0.012) in swim vs. sedentary mice in 
both Tie2-Cre+ and Cre− mice (see Supplementary material online, 
Figure S9B) and was associated with reduced (P < 0.032) durations of the 
AF events induced in both Cre− (27.2 s vs. 15.5 s) and Tie2-Cre+ (21.6 s 
vs. 14.5 s) swim-exercised mice, without affecting the percentage of 
mice developing inducible AF (see Supplementary material online, 
Figure S9C). These results support the conclusion that AP duration influ-
ences AF sustainability once initiated, consistent with the effects of cardiac 
refractoriness on arrhythmia susceptibility.30

3.3 Exercise increases atrial pressures and 
causes TNF-mediated activation of p38 in 
atrial cardiomyocytes
The results described above establish that exercise differentially affects at-
ria vs. ventricles in a manner that requires atrial myocyte-derived TNF. 
While the basis for the chamber-specific actions of exercise training is 

Figure 1 Atrial-specific gene ablation of Tnf reduces atrial arrhythmias inducibility in swim-trained mice. Atrial arrhythmia inducibility was determined using 
intracardiac octopolar catheters inserted into the right atria via the superior jugular vein. (A) Representative electrical recordings using intracardiac catheters 
during and following programmed electrical stimulations in sedentary and swim-exercised mice with (Nppa-Cre+) (n = 17 per group) and without (Cre−) (n =  
15 per group) atrial-specific Tnf ablation. Prolonged highly disorganized electrical patterns lasting greater than 10 s, indicative of atrial arrhythmias, were only 
seen typically in swim-exercised Cre− mice. (B and C ) Atrial-specific Tnf ablation prevented (P value from 2 × 2 contingency table using Fisher’s exact test) the 
incidence of atrial arrhythmias lasting >10 s and decreased the duration of arrhythmia episodes. Data presented as mean ± S.E.M. P values for arrhythmia dura-
tions from Mann–Whitney U test with Dunn’s multiple comparisons test. *P < 0.05; **P < 0.01.
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unclear, it is not unreasonable to suggest that these differential effects of 
exercise arise from distinct responses of atria vs. ventricles to elevations 
in venous filling pressures associated with exercise.10,11 This possibility is 
supported by the observations that atria are far more compliant than ven-
tricles7,12 and that TNF is a mechanosensitive cytokine that promotes 

fibrosis, hypertrophy, and inflammation. To determine whether Tnf exci-
sion affects the haemodynamic adjustments to exercise, we measured ven-
tricular pressures using telemetry during swimming. Figure 7A shows that 
the onset of swim exercise in Cre− mice causes profound and sustained 
elevations (P = 0.024) in LVEDP, an index of atrial filling pressures, and 

Figure 2 Atrial-specific Tnf gene ablation reduces exercise-induced increases in atrial hypertrophy, fibrosis, and inflammatory cell infiltration. (A and B) Atrial 
weights-to-tibial length and atrial weights-to-ventricular weights were increased in swim-trained vs. sedentary control (Cre−) mice (n = 8 per group). The de-
gree of atrial hypertrophy with exercise was reduced in Nppa-Cre+ mice (n = 8 per group). (C ) Top panel: Typical confocal micrographs of atrial sections 
stained with Picrosirius red (PSR). Collagen deposition (arrows) was reduced in swim-trained Nppa-Cre+ mice compared to swim-trained Cre− mice. 
Bottom panel: Confocal micrographs of atrial sections stained with F4/80+ to quantify macrophage infiltration (arrows). Macrophage counts were reduced 
in Nppa-Cre+ compared to Cre− swim-trained mice. (D) Quantification of collagen deposition (%) shows elevations in atrial fibrosis in Nppa-Cre+ swim (n  
= 7) compared to Cre− sedentary mice (n = 6). However, Tnf ablation in atrial myocardium reduces exercise-induced elevations in atrial fibrosis, with no dif-
ferences observed between Nppa-Cre+ swim (n = 8) and Cre− sedentary (n = 6) mice. (E) Nppa-Cre+ swim-trained mice (n = 5) showed reduced 
exercise-induced macrophage infiltration (F4/80+ cell count) compared to Cre− swim mice (n = 5). Data presented as mean ± S.E.M. P values from two-way 
ANOVA with Sidak’s multiple comparison tests. *P < 0.05; **P < 0.01; ***P < 0.001 as indicated. NS, not significant. Scale bar = 50 μm.
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Tnf excision in atrial cardiomyocytes did not affect haemodynamic responses 
to exercise. Nevertheless, when mice with Tnf excision in atrial cardiomyo-
cytes are exercised, no changes (P = 0.188) were observed in the level of 
p38MAPK phosphorylation, a well-known downstream TNF-dependent fac-
tor that is activated by myocardial stretch,31 whereas p38MAPK phosphor-
ylation levels were increased in littermate Cre− mice by exercise (Figure 7B 
and Supplementary material online, Figure S10). On the other hand, phos-
phorylation levels of p38MAPK were increased (P = 0.043) with exercise 
in mice with endothelial cell-specific Tnf ablation as well as littermate control 
Cre− mice (Figure 7B and Supplementary material online, Figure S10). These 
findings suggest that the atrial-selective remodelling induced by exercise 
involves cell autonomous TNF-dependent signalling cascades activated by 
stretch.

3.4 Acute and chronic exercise does not 
enhance NLRP3 inflammasome signalling  
in mice
Our results establish a clear role for cardiomyocyte-derived TNF in 
exercise-induced atrial changes. Though recent studies have concluded 

that AF is associated with the NLRP3 inflammasome20,21 that overlaps 
with TNF-dependent signalling,32 we found that the atrial levels of 
NLRP3 procaspase-1 and IL-1β were unaffected (P > 0.258) by exercise 
(see Supplementary material online, Figure S11). As expected from the 
absence of adverse LV changes, LVs showed no changes (P > 0.284) in 
NLRP3 inflammasome activation with exercise. Despite the absence of 
NLRP3 inflammasome activation after 6 weeks of exercise, it is conceivable 
that activation may contribute to the TNF-dependent atrial changes in-
duced by acute exercise33 and TNF-dependent, stretch-mediated signalling 
cascades.7,27 However, we were unable to clearly establish either NLRP3 
inflammasome activation or its inhibition with atrial Tnf gene ablation 
(P > 0.270) following acute exercise in either atria or ventricles, despite 
trends for increases in both chambers in wild-type (Cre−) swim mice 
(see Supplementary material online, Figure S12); uncropped blots are 
shown in Supplementary material online, Figure S13. Furthermore, atrial 
transcriptome bioinformatics analyses showed no enrichment of NLRP3 
inflammasome pathways or genes (Nlrp3, Pycard, Casp1, Il1b, Il18) following 
either 2 days or 2 weeks of swim exercise (see Supplementary material 
online, Figure S14). These conclusions were further supported using 
qtPCR measurements that failed to uncover changes in pro-inflammatory 

Figure 3 Effects of atrial cardiomyocyte-specific Tnf ablation on electrical properties on exercise-induced arrhythmias and electrical changes in isolated atria. 
(A) Representative field electrogram recordings from isolated (denervated) atria in Nppa-Cre+ and Cre− sedentary and exercised mice showing atrial arrhyth-
mia inducibility. Note evidence of sustained AF episodes in Cre− exercised mice only. (B) Atrial-specific Tnf ablation (Nppa-Cre+) reduced the sustained (>10 s) 
atrial arrhythmia inducibility (P value from 2 × 2 contingency table using Fisher’s exact test) in exercised mice (n-values indicated in figure panel). (C ) 
Representative optically-mapped images of AF episodes from rapidly stimulated isolated atria during sinus rhythm (SR) (top panel) and during AF (bottom 
panel). (D and E) Typical isochrone activation maps and summary results of conduction velocity (CV) measured in right atrial appendages isolated from 
Nppa-Cre+ (n = 6) and Cre− (n = 7) swim-exercised mice revealed that CVs are slowed in Cre−, but not Nppa-Cre+ swim mice when compared to their sed-
entary counterparts (n = 8 and 6 per group, respectively). (F ) In isolated atrial preparations, action potential duration at 90% of repolarization (APD90) was 
prolonged in exercised compared to sedentary mice, in both Nppa-Cre+ and Cre− groups. The n value for individual groups is indicated on bar graphs. Data 
presented as mean ± S.E.M. P values from two-way ANOVA with Sidak’s multiple comparison tests. *P < 0.05; **P < 0.01; ***P < 0.001.
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(Tnf, Il1b, Il6) genes (see Supplementary material online, Figure S15), 
in the atria or ventricles, independently of Tnf gene ablation in atrial 
cardiomyocytes.

The absence of elevated atrial inflammatory markers or signalling cas-
cades with acute or chronic exercise led us to assess changes in TNF levels 
with exercise. Despite clear TNF-dependence of adverse atrial changes 
with exercise, TNF was not elevated 24 h after acute exercise in serum 
(Table 2), or tissue homogenates from atria or ventricles (Table 2) for 
mice with or without atrial-specific Tnf gene ablation. These results are 
consistent with previous exercise studies34 and suggest that TNF plays 
a permissive (rather than primary) role in exercise-mediated atrial remod-
elling, as discussed further below.

4. Discussion
We previously established that blockade of TNF signalling (with either 
whole-body Tnf gene ablation or pharmacological treatment) prevented 
adverse atrial remodelling and atrial arrhythmia vulnerability induced by in-
tense endurance exercise.7,15 Given that TNF is produced by multiple cell 
types in the heart, we sought to determine the cellular origins of TNF 
underlying the effects of exercise training. We focused our studies on atrial 
cardiomyocytes and endothelial cells because we previously identified dis-
tinct roles of cardiomyocytes and endothelial cells in a TNF-dependent 
cytokine hierarchy mediating pathological cardiac remodelling in a mouse 
model of Noonan syndrome, and because both can act as sources of 
TNF.25 Our results demonstrate that cell-specific elimination of TNF leads 
to distinct and non-redundant modulation of atrial responses, but not ven-
tricles, to exercise training. Tnf ablation in atrial myocardium protects com-
pletely against exercise-induced conduction slowing, hypertrophy, fibrosis, 
and macrophage infiltration as well as increased arrhythmia inducibility in 
the atria. In contrast, TNF disruption in endothelial cells only prevented 

atrial hypertrophy without mitigating the increased fibrosis and vulnerabil-
ity to atrial arrhythmias induced by exercise training. Importantly, Tnf exci-
sion in either cell type had no effect on physiological adaptations of 
autonomic nerve activity, HR responses, and ventricular tissue properties.

Since fibrosis, slowed conduction and hypertrophy are considered 
trademark features of atria in AF patients that collectively conspire to pro-
mote re-entrant arrhythmias,8 it is reasonable to conclude that these 
TNF-dependent changes in atrial tissue properties contribute to the in-
creased AF vulnerability seen in exercise-trained mice. Whether, and 
how, similar atrial changes contribute to AF in endurance athletes is uncer-
tain. In this regard, the atria of elite endurance athletes can display pro-
found atrial enlargement and hypertrophy35 that far exceeds the 
hypertrophy seen in ventricles, mirroring that seen in our exercise-trained 
mice. On the other hand, the presence of atrial fibrosis in elite athletes is 
hotly debated.6 Our observation that specific Tnf ablation in endothelial 
cells blocks exercise-induced atrial hypertrophy without preventing either 
AF inducibility, macrophage infiltration, or atrial fibrosis supports the con-
clusion that atrial fibrosis plays a more dominant role than hypertrophy in 
promoting AF vulnerability induced by exercise training. This conclusion is 
consistent with the generally prominent role of fibrosis in persistent AF pa-
tients36 as well as the observation that the degree of atrial fibrosis varies 
inversely with conduction velocity, a major determinant of electrical re- 
entry.37 However, the incidence of AF inducibility in the exercised mice 
was reduced by ∼24%, and the durations of AF events were ∼14% shorter 
when atrial hypertrophy was attenuated by Tnf excision in endothelial cells. 
Taken together, our findings demonstrate distinct cell autonomous actions 
of TNF that uncovered differences in the impact of hypertrophy and fibro-
sis to exercise-induced atrial remodelling and AF vulnerability, which may 
have implications for mechanisms of AF in elite athletes.

Another potentially important factor contributing to AF in endurance 
sport is elevated cardiac PNA (vagal tone),5 which can directly reduce atrial 
refractoriness via the activation of IK,Ach, possibly via RGS down- 

Figure 4 Endothelial-specific Tnf ablation does not protect against atrial arrhythmia inducibility in swim-trained mice. Atrial arrhythmia inducibility was de-
termined using intracardiac octopolar catheters inserted into the right atria via the superior jugular vein. (A) Representative electrical recordings during and follow-
ing programmed electrical stimulations in sedentary (n = 14 per group) and swim-exercised (n = 18 and 24, respectively, per group) mice with (Tie2-Cre+) and 
without (Cre−) endothelial cell-specific Tnf ablation. Prolonged highly disorganized electrical patterns lasting greater than 10 s, indicative of atrial arrhythmias, 
were seen in swim-exercised Tie2-Cre+ and Cre− mice. (B and C) Endothelial cell-specific Tnf ablation did not decrease (P value from 2 × 2 contingency table using 
Fisher’s exact test) the incidence atrial arrhythmias lasting >10 s or decrease the duration of arrhythmia episodes. Data presented as mean ± S.E.M. n values listed 
within each individual panel. P values for arrhythmia durations from Mann–Whitney U test with Dunn’s multiple comparisons test. *P < 0.05; **P < 0.01.
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Figure 5 Endothelial cell-specific Tnf gene ablation reduces exercise-induced increases in atrial hypertrophy. (A and B) Atrial weights-to-tibial length and 
-ventricular weights were increased in swim-trained vs. sedentary mice without endothelial cell-specific Tnf excision (Cre−). Endothelial-specific Tnf ablation 
attenuated exercise-induced atrial hypertrophy. (C ) Top panel: Typical confocal micrographs of atrial sections stained with Picrosirius red (PSR). Collagen 
deposition was increased in swim-trained Tie2-Cre+ and Cre− mice compared to their sedentary controls. Bottom panel: Confocal micrographs of atrial sec-
tions stained with F4/80+ to quantify macrophage infiltration (arrows). Macrophage counts were increased in Tie2-Cre+ and Cre− swim-trained mice compared 
to their sedentary controls. (D) Quantification of collagen deposition (%) shows elevations in atrial fibrosis in Cre− (n = 5) and Tie2-Cre+ (n = 6) swim mice 
compared to their sedentary controls (n = 4 and 4, respectively). (E) Both Cre− (n = 4) and Tie2-Cre+ (n = 5) swim-trained mice showed increased macrophage 
infiltration (F4/80+ cell count) compared to their controls (n = 4 and 4, respectively). Data presented as mean ± S.E.M. P values from two-way ANOVA with 
Sidak’s multiple comparison tests. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant. Scale bar = 50 μm.

Cell autonomous roles of TNF in exercise-induced AF                                                                                                                                             2617



regulation,28 and which can also promote triggered activity. We found that 
vagal tone is elevated in intensely exercised mice, and importantly, that this 
impacts on AF sustainability (i.e. durations of arrhythmic events are re-
duced by atropine), without affecting the number of mice with inducible 
AF. These results suggest that structural changes in the atria are the pri-
mary factors driving increased AF susceptibility in exercised mice, with va-
gal tone playing a more modulatory role. In agreement with this conclusion, 
AF could be readily inducible in isolated (denervated) atria from exercised 
wild-type mice, even though the APDs in these atria were prolonged com-
pared to sedentary controls. However, it is worth mentioning that 
increased PNA can modulate inflammatory responses,38 by dampening 
and reversing immune-mediated inflammatory responses, which can 
reduce TNF39 and AF inducibility40 in canine models of AF. Indeed, en-
hanced cardiac vagal tone may limit inflammation induced by exercise, 
which could explain our inability to measure increased atrial TNF in our 
model. If such a mechanism contributes to the atrial changes seen with ex-
ercise mice, it would appear to involve (or require) atrial cardiomyocyte-, 
not endothelial-derived TNF since we observed similar degrees of eleva-
tion in PNA in all groups of exercised mice while fibrosis was only pre-
vented when TNF is absent in cardiomyocytes. The applicability of these 
observations to human endurance athletes will require further studies.

We found that the atrial fibrosis and inflammatory cell infiltrates as well 
as AF vulnerability induced by swim exercise training correlated directly 
with p38MAPK activation induced by acute bouts of exercise. 
Specifically, when Tnf was excised in atrial cardiomyocytes but not in endo-
thelial cells, acute exercise was unable to activate p38, a stretch- and 
TNF-dependent MAPK.31 We believe that these observations are highly 
relevant to AF pathogenesis because elevated filling pressures and the as-
sociated atrial stretch14 are seen in virtually all conditions that promote 
AF.9 Elevated venous filling pressures are also seen during exercise in hu-
mans11 as well as during swimming in mice (reaching 20–40 mmHg),10

and we show that these elevations were unaffected by Tnf excision. 
Since cardiomyocytes are known to produce large amounts of TNF in re-
sponse to mechanical stress,41 which can in turn activate many down-
stream signalling pathways including canonical NFκB p38,31 our findings 
suggest that myocardial-derived TNF may act as a critical mechanosensor 
that drives atrial changes in response to stretch. In this regard, we previous-
ly established that exercise-induced adverse atrial remodelling requires sol-
uble TNF,15 which is liberated primarily by TACE enzymes. Alternatively, it 
is possible that our findings reflect repetitive hits of atrial damage with in-
tense exercise rather than stretch. However, we believe that this is unlikely, 
especially since we previously showed that neither mast cells nor 

Figure 6 Effects of endothelial-specific Tnf ablation on electrical properties on exercise-induced arrhythmias and electrical changes in isolated atria. 
(A) Representative field electrogram recordings from isolated (denervated) atria in Tie2-Cre+ and Cre− sedentary and exercised mice showing atrial arrhythmia 
inducibility, with evidence of sustained AF episodes in both Tie2-Cre+ and Cre− exercised mice only. (B) Endothelial-specific Tnf ablation (Tie2-Cre+) did not 
protect against sustained (>10 s) atrial arrhythmia inducibility (P value from 2 × 2 contingency table with Fisher’s exact test) in exercised mice. 
(C ) Representative optically-mapped images of AF episodes from rapidly stimulated isolated atria in Tie2-Cre+ swim mice. (D and E) Typical isochrone activation 
maps and summary results of conduction velocity (CV) measured in right atrial appendages isolated from Tie2-Cre+ (n = 7) and Cre− (n = 8) swim-exercised 
mice revealed that CVs are slowed in Tie2-Cre+ and Cre− swim mice when compared to their sedentary counterparts (n = 7 and 8 per group, respectively). 
(F ) In isolated atrial preparations, action potential duration at 90% of repolarization (APD90) were similar between sedentary and exercised mice, in both 
Tie2-Cre+ and Cre− groups. The n value for individual groups is indicated on bar graphs. Data presented as mean ± S.E.M. P values from two-way ANOVA 
with Sidak’s multiple comparison tests. *P < 0.05; **P < 0.01.
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neutrophils are elevated with acute and chronic swim exercise,7 as might 
occur with myocyte damage. Collectively, our findings support a mechan-
ism in which TNF released from atrial cardiomyocytes sits atop a stretch- 
dependent cytokine hierarchy that impacts on cardiomyocyte hyper-
trophy, inflammatory macrophage activation, and fibrosis.

The role of TNF on atrial hypertrophy induced by exercise aligns with 
our previous studies showing that endothelial cells drive cardiomyocyte 
hypertrophy in Noonan Syndrome25 via TNF/IL-6 cytokine hierarchy. 
Since atrial myocyte-specific Tnf ablation also attenuated atrial hyper-
trophy, it appears that combinatorial interactions and crosstalk between 
multiple cell types is required for TNF-dependent hypertrophy. In this re-
gard, atrial cardiomyocyte-specific TNF was required for the atrial fibrosis 
and macrophage infiltration induced by 6 weeks of exercise training that 
may conceivably involve crosstalk with macrophages that are also stretch- 
sensitive cells and a major source of TNF.42 This potential interaction might 
be of broad interest and important since elevated immune cells are invari-
ably seen in the atria of AF patients43 thereby providing a mechanistic link 
between atrial stretch, local inflammation, and AF pathogenesis. These ob-
servations align well with studies of cardiac recovery and remodelling in the 
adult heart.44 Moreover, endothelial cells are known to express adhesion 
molecules in a TNF-dependent manner allowing immune cell extravasation 
into tissues,45 which supports the possibility that soluble TNF from atrial 
cardiomyocytes drives endothelial cell-dependent macrophage infiltration 
in atria. Given the differential effects of cell-specific Tnf ablation on 
exercise-induced atrial remodelling and AF inducibility, it is tempting to 
speculate that the degree of stretch-activation of TNF in the atria and signal 
amplication in response to soluble TNF release may determine the tipping 
point between adaptative and maladaptive remodelling. As atrial hyper-
trophy is a well-described risk factor for AF vulnerability in endurance ath-
letes,35 our findings may have important implications on the mechanism of 
atrial hypertrophy seen in athletes and AF patients. Intriguingly, a recent 
study identified endocardial TRPC-6 channels as atrial mechanosensors 
that can serve as load-dependent modulators of endocardial/myocardial 
interactions.46

Although the NLRP3 inflammasome has been implicated recently in AF 
patients,47 we did not observe NLRP3 inflammasome activation with 

chronic intense swim exercise. These observations suggest distinct patho-
geneses of exercise-induced AF vs. disease-related AF seen in humans. 
Consistent with this, we showed previously that chronic endurance exer-
cise did not induce changes in ion channel expression or calcium handling,7

which are hallmarks of enhanced NLRP3 inflammasome signalling in AF. 
We did, however, see trends for NLRP3 activation with acute swim exer-
cise in both the atria and ventricles of wild-type mice, but not mice lacking 
TNF in atrial cardiomyocytes. Further studies will be needed to further ex-
plore connections between the NLRP3 inflammasome, TNF, and adverse 
atrial changes induced by exercise.

As reported previously,7,15 exercise training affects atria differently from 
ventricles. We believe that this can be readily explained by differences in 
chamber compliance (high in atria compared to ventricles) that would dir-
ectly impact on the degree of chamber stretching in response to elevated 
diastolic filling pressures that occur during each exercise bout.7 Consistent 
with this explanation, atria undergo a ∼two-fold greater expansion than 
ventricles when heart dilations become restricted by pericardium.7,12

We believe that these observations are relevant because TNF is a mechan-
osensitive, pro-inflammatory cytokine16 that is activated by stretch in atrial 
cardiomyocytes41 and endothelial cells.18 Consistent with these observa-
tions, serum levels of soluble TNF are elevated48 along with atrial natriuret-
ic peptide (ANP)49 (a marker of atrial stretch) in response to mechanical 
stretch of atrial tissues with exercise. Importantly, we have recently de-
monstrated chamber-specific transcriptomic remodelling in response to 
acute (2-day) and chronic (2-week) intense swim training in mice, with 
hypertrophic and pro-fibrotic signalling pathways disproportionately acti-
vated in the atria compared to the ventricles, with TNF playing a permissive 
(rather than primary) role in atrial, but not ventricular, responses.27

4.1 Implications
Although the link between chronic intense endurance exercise and AF 
prevalence in athletes is well-recognized,3,6 the basis for this association re-
mains unclear. In this regard, AF in athletes has historically been referred to 
as ‘lone AF’ due to the absence of obvious cardiac changes like those seen 
with CVD.50 However, animal studies have found that intense endurance 

Figure 7 Atrial-specific Tnf gene ablation blunts downstream TNF-mediated signal transduction but not mechanical stress with swim exercise. (A) Evidence 
of profound and sustained swim-induced elevations in left ventricular end-diastolic pressures (LVEDPs), an index of left atrial pressures and a stimulus for 
mechanical stretch, derived from telemetric haemodynamic recordings. No differences in acute (30 min) exercise-induced LVEDPs were observed between 
Nppa-Cre+ and Cre− mice. Exercise commenced at time = 10 min, as indicated by the black arrow. (B) Western blotting analysis revealed increased p38 phos-
phorylation in the atria (compared to total p38) following 30 min of swim exercise in Cre− mice (n = 6 per group) compared to sedentary (non-swim) mice. 
Increases in p38 phosphorylation in response to acute swim were blunted in Nppa-Cre+ mice (n = 7 per group), but not Tie2-Cre+ mice (n = 6). Data are nor-
malized relative to Cre− sedentary mice and presented as mean ± S.E.M. Full western blots can be found in the Supplementary material online, Supplementary 
Materials. P values from repeated measures or non-repeated measures two-way ANOVA with Sidak’s multiple comparison tests. *P < 0.05. NS, not significant.
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exercise can induce fibrosis, hypertrophy, and inflammation in the atria, re-
sembling that seen in persistent AF patients.7,15 The common atrial fea-
tures of our exercised mice and persistent AF patients raise the 
possibility that the atria of endurance athletes might also undergo adverse 
atrial changes, which might explain why endurance athletes, especially vet-
eran athletes, have AF risks rivalling that seen in disease conditions,4 despite 
the well-established benefits of regular moderate physical activity on AF 
risk reduction.3 Moreover, because AF prevalence is high in conditions as-
sociated with elevated filling pressures (i.e. aging, CV disease, and endur-
ance sport exercise),2 we suggest that elevated venous filling pressures 
induce atrial changes as a result of tissue stretching that is powerful stimu-
lus for remodelling.13,14

Consistent with the TNF requirement in the exercise-induced atrial 
changes and AF vulnerability, TNF and inflammation17 have been impli-
cated in AF and its pathogenesis. Moreover, the differential effects of Tnf 
ablation in atrial cardiomyocytes vs. endothelial cells on atrial changes in-
duced by exercise align well with the diverse pleiotropic actions of TNF 
as well as the many cellular sources of TNF. Indeed, our findings highlight 
that distinct and non-redundant phenotypes arise not only from immune 
cells22 but non-immune cells as well. We speculate that a better under-
standing of the dynamic cellular interplay in the cytokine hierarchy may 
provide novel approaches for attenuating and preventing adverse atrial re-
modelling and AF in AF patients, regardless of their underlying condition.

4.2 Limitations
Although our mouse model provides clear evidence of adverse atrial re-
modelling and AF promotion with intense exercise, extrapolation of our 
findings to humans warrants caution. HR increases during exercise is far 
less in mice (<50%) compared to humans (300–400%), suggesting that in-
creases in stroke volume rather than HR drive increases in cardiac output 
during exercise in mice. Consequently, atrial stretch may be greater in mice 
relative to humans during exercise. These differences might explain why 
adverse atrial remodelling and enhanced AF vulnerability are observed after 
only 6 weeks of intense exercise in mice. However, swimming is only asso-
ciated with ∼4-4.5 metabolic equivalent tasks (METs)7 (measured relative 
to sleeping) in our mice, which is much less than the METs typically asso-
ciated with ‘vigorous’ exercise in humans (>6 METs). It should also be em-
phasized that while our findings support a role for stretch-mediated TNF 
activation in the exercise-mediated atrial changes, exercise activates a 
multitude of physiological, metabolic, and biochemical changes in numer-
ous cell types that may or may not require TNF and its associated down-
stream signalling pathways for influencing atrial responses to exercise.

While we observed clear elevations in macrophage numbers in atria but 
not ventricles with 6 weeks of exercise that required cardiomyocyte TNF, 
we did not assess whether these elevations were related to changes in tis-
sue resident macrophages vs. infiltrating monocyte-derived macrophages. 

Given the complexity of macrophage heterogeneity in tissue homeostasis, 
tissue damage and repair, future studies characterizing the nature and time 
course of immune cell responses in exercise and disease models of AF are 
needed.

Although our studies focused on TNF originating from atrial cardiomyo-
cytes and endothelial cells, TNF from other cell types, such as cardiac fibro-
blasts,51 macrophages42 (discussed above), and other immune cells,22 may 
contribute to the complexity of cellular crosstalk mediating adverse atrial 
remodelling and AF in our model.
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Supplementary material is available at Cardiovascular Research online.
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Table 2 Serum and tissue tumour necrosis factor (TNF) levels following 2-day (four-session) acute swim exercise

Sedentary 
(n = 7)

Swim 
(n = 9)

Serum TNF (pg/mL) 0.81 ± 0.25 1.03 ± 0.16

Cre− sedentary 
(n = 4)

Cre− swim 
(n = 4)

Nppa-Cre+ sedentary 
(n = 4)

Nppa-Cre+ swim 
(n = 4)

Atrial TNF (pg/mg tissue protein) 3.56 ± 1.65 1.45 ± 0.26 1.80 ± 0.41 2.76 ± 1.05

Left ventricular TNF (pg/mg tissue protein) 2.94 ± 0.74 2.54 ± 0.73 1.10 ± 0.51 1.62 ± 0.27
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Translational perspective
Endurance sport is associated with atrial fibrillation (AF), and mouse models show that intense exercise training promotes atrial hypertrophy, fibrosis, 
inflammation, and AF vulnerability, which requires the mechanosensitive inflammatory cytokine tumour necrosis factor (TNF). We demonstrate that 
Tnf ablation in atrial cardiomyocytes protects fully against atrial changes induced by exercise, whereas endothelial-specific ablation only prevents atrial 
hypertrophy. Since atrial filling pressures increase markedly during exercise and most clinical conditions linked to AF (hypertension, heart failure, valvu-
lar/metabolic diseases), we discuss how atrial stretch may mediate cell autonomous effects of TNF and arrhythmogenic tissue changes in the atria.

2622                                                                                                                                                                                                       R. Lakin et al.


	Cardiomyocyte and endothelial cells play distinct roles in the tumour necrosis factor �(TNF)-dependent atrial responses and increased atrial fibrillation vulnerability induced by endurance exercise training in mice
	1. Introduction
	2. Methods
	2.1 Experimental animals
	2.2 Genotypes of CD1 mice and the generation of Tnf excision in atrial myocardium and endothelial cells
	2.3 Swim exercise protocol
	2.4 Echocardiography
	2.5 Invasive haemodynamic assessments
	2.6 Telemetric haemodynamics
	2.7 Electrocardiography
	2.8 Cardiac electrical remodelling and arrhythmia vulnerability
	2.9 Optical mapping
	2.10 Morphometry and histological assessments
	2.11 p38MAPK western blot analysis
	2.12 NLRP3 inflammasome western blot analysis
	2.13 RNA sequencing of NLRP3 inflammasome
	2.14 Quantitative real-time PCR
	2.15 Serum tumour necrosis factor (TNF) levels
	2.16 Tissue tumour necrosis factor (TNF) levels
	2.17 Statistics

	3. Results
	3.1 Tnf ablation in atrial cardiomyocytes attenuates exercised-induced atrial changes without affecting physiological remodelling of ventricles
	3.2 Endothelial-specific Tnf ablation and structural and autonomic remodelling in exercised mice
	3.3 Exercise increases atrial pressures and causes TNF-mediated activation of p38 in atrial cardiomyocytes
	3.4 Acute and chronic exercise does not enhance NLRP3 inflammasome signalling �in mice

	4. Discussion
	4.1 Implications
	4.2 Limitations

	Supplementary material
	Authors’ contributions
	Funding
	Data availability
	References




