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Abstract

Background The risk of atrial fibrillation (AF) is higher in endurance athletes. Pulmonary vein isolation (PVI) is effective in this group, impli-
and Aims cating pulmonary vein (PV) remodelling, but underlying mechanisms are unclear. This study investigated if endurance training
remodels PV sleeves and the PV-left atrial (LA) junction to promote PV triggers and a permissive peri-antral substrate for AF.

Methods In canine and murine endurance-running models, in vivo PV-LA mapping, ex vivo PV electrophysiology, intracellular
action potential (AP) profiling with machine learning classification, histology, bulk RNA-seq, and subcellular-resolution
spatial transcriptomics of PV-LA tissue were performed. These findings were incorporated into biophysically detailed
computer models of human PV cardiomyocytes and a 3D human LA.

Results Training produced an athlete’s heart phenotype and increased AF inducibility. In vivo, trained animals showed PV-LA con-
duction slowing and increased rotational activity. Ex vivo, trained PVs showed enhanced g-adrenergically evoked firing, pro-
longed burst activity, and a higher proportion of pacemaker-like APs. Spatial transcriptomics revealed discrete PV myocyte
subpopulations with training upregulated Hen4, Cacnald, and Cacnalg (enhancing automaticity), downregulated Scn5a and
Gja1 (slowing conduction), and enriched profibrotic/inflammatory signalling (Tnfa, 116) alongside fibroblast expansion and
extracellular matrix deposition. In silico, these changes reproduced faster spontaneous PV firing and sustained re-entry.

Conclusions Endurance training drives coupled electrical, structural, and inflammatory PV-LA remodelling that provides both trig-
ger and substrate for AF. These data support why PV-targeted strategies can be effective in athletic AF and nominate
modifiable pathways including HCN4-linked automaticity and TNFa-associated signalling.
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Structured Graphical Abstract

Key Question
Does endurance exercise remodel pulmonary vein (PV) sleeve myocytes and the PV-left atrial (LA) junction to increase PV trigger
propensity and create a permissive junctional substrate for atrial fibrillation (AF) initiation?

Key Finding

Across canine, murine and human models, endurance exercise increased PV myocyte automaticity/burst firing (HCN/Ca, 1.3-linked) and
promoted inflammatory and extracellular matrix remodelling at the PV-LA junction, resulting in slowed conduction and increased
susceptibility to re-entry.

Take Home Message

Endurance exercise increases AF susceptibility by heightened PV trigger propensity with PV-LA junction remodelling that lowers the
threshold for conduction block and re-entry. These data provide a mechanistic basis for PV-targeted interventions in athletes at risk of
AF.

Multi-platform interrogation of PV sleeve and PV-LA remodelling
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Graphical abstract summarising multi-platform interrogation of PV sleeve myocyte and PV-LA remodelling with endurance exercise. Canine and murine electrophysiological
characterization (AF inducibility, PV-LA MEA mapping, intracellular action potentials with ML classification) plus spatial transcriptomics identify increased PV automaticity/burst
firing (HCN, Ca 1.3) and inflammatory/ECM remodelling at the PV-LA junction, associated with slowed conduction and re-entry. Human PV myocyte modelling and 3D LA
simulations support increased PV automaticity and AF propensity.

Transitional
myocyte

AF, atrial fibrillation; AP, action potential; Cav1.3, voltage-dependent L-type Ca* channel a1D subunit; ECM, extracellular matrix; HCN, hyperpolarization-activated cyclic
nucleotide-gated channel; LA, left atrium; MEA, multielectrode array; ML, machine learning; PV, pulmonary vein; PV-LA, pulmonary vein-left atrium

Soattin L, et al. European Heart Journal.

Sustained high intensity endurance exercise remodels pulmonary vein sleeve myocytes and the pulmonary vein-left atrial junction.

Keywords Athletic training e Atrial fibrillation e Pulmonary vein e lon channels e Fibrosis e Spatial transcriptomics
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Endurance exercise remodels PV myocytes & promotes AF risk

Translational Perspective

as candidates for upstream prevention.

Endurance athletes have a paradoxically high risk of AF, yet mechanisms remain unclear. Using canine and murine models, this
study demonstrates that sustained training remodels PV sleeve myocytes and the PV-LA junction, increasing pacemaker activity,
slowing conduction, and activating fibrotic and inflammatory pathways. Incorporating these changes into biophysically detailed
human in silico models reproduced increased PV trigger propensity and a lower threshold for conduction block and re-entry.
These findings provide a mechanistic explanation for the clinical efficacy of PVI in athletes and highlight PV-enriched pathways

Introduction

Atrial fibrillation (AF) is increasingly recognized in long-term en-
durance athletes as a paradoxical complication of high levels of
cardiorespiratory fitness.2® Although meta-analyses across
mixed endurance cohorts suggest a modest increase in AF risk
(~2.5-fold’) in elite lifelong endurance athletes AF burden may
approach that of established high-risk groups (e.g. 21.5% in for-
mer world-class rowers vs. 3.2% in matched UK Biobank con-
trols; prevalence risk ratio 6.81°) despite favourable traditional
risk profiles. Emerging clinical evidence indicates that chronic
endurance exercise can induce an atrial cardiomyopathy? char-
acterized by atrial enlargement, mild impairment of atrial func-
tion (e.g. reduced LA strain), and mild atrial fibrosis. Work in
rodent models indicates altered vagal signalling and atrial muscle
remodelling, including ion-channel changes, altered intracellular
Ca?* handling, fibrosis, and inflammation,*2~1° but the origin of
triggers remains incompletely defined.

In clinical AF, ectopic activity from the pulmonary vein (PV)
myocardial sleeves is a dominant initiator.® Mapping studies
in humans and canine preparations further indicate that the
PV-left atrial (LA) junction is a critical substrate for conduction
heterogeneity and re-entry, shaping both AF initiation and main-
tenance.r’~*? Pulmonary vein isolation is an effective rhythm-
control strategy in endurance athletes with AF,2° highlighting
the clinical relevance of PV triggers in this setting and motivating
mechanistic investigation of training-induced remodelling with-
in PV sleeves and the PV-LA junction. We therefore tested the
hypothesis that long-term endurance training remodels the PV
sleeves and PV-LA junction to increase PV trigger propensity
and create a local vulnerable junctional substrate. We integrated
in vivo and ex vivo electrophysiology in dogs with high-resolution
cellular phenotyping, histology, and subcellular in situ transcrip-
tomics in mice and incorporated the measured PV/PV-LA
changes into biophysically detailed human-scale PV and atrial
simulations.

Methods

Animals

Full methodological and ethical approval details are provided in the
Supplementary Material. The canine model enabled invasive,
human-relevant in vivo arrhythmia susceptibility testing, auto-
nomic pharmacology, and high-density PV-LA mapping in situ.
Murine studies enabled high-resolution functional, molecular,
and histological interrogation of PV/PV-LA remodelling (intracel-
lular AP recording with machine-learning classification, bulk
RNA-seq, and subcellular in situ spatial transcriptomics). All proce-
dures were conducted in accordance with relevant national and
institutional regulations.

Exercise training

Exercise training (ExT) in canines was performed as described previ-
ously.?! Dogs underwent a 16-week treadmill endurance pro-
gramme (5 days/week), consisting each day of two 90-min
continuous runs at 12-18 km/h (progressively increased) and two
interval sessions (~50-60 min each) alternating 2 min at 4 km/h with
1.5 min at 22 km/h, with incline adjusted (~5%-14%). Mice underwent
6 weeks of intensity-controlled interval training alternating between
8 min at 85-90% maximum O, uptake (VO5 ) and 2 min at 50-
60% VO, max for 60 min twice per day for 5 days per week.

Measurements

Echocardiography and ECG recordings were performed at baseline
and post-training using previously established protocols.?*"2°
Canine open-chest multielectrode array (MEA) mapping, atrial
monophasic action potential (MAP) recording, and arrhythmia
provocation studies were conducted under terminal anaesthesia.
Murine Langendorff-perfused hearts underwent programmed elec-
trical stimulation to assess atrial arrhythmia susceptibility. Isolated
canine and murine PV-LA preparations were superfused for
MEA/MAP recordings. Fibrosis was assessed by Masson’s tri-
chrome staining. Mouse common PV intracellular APs were re-
corded using sharp microelectrodes and analysed with custom
pattern-recognition software incorporating machine learning.
RNA-seq and Xenium spatial transcriptomics were used to quantify
differential expression, cell-type proportions, and spatial organiza-
tion, with selected findings validated by immunolabelling.
Biophysically detailed computer modelling was conducted using hu-
man 2astrial and PV models from Courtemanche et al.>* and Dorn
et al.

Statistical analysis

A priori power calculations (80% power, two-sided a=.05) used atrial
arrhythmia inducibility as the primary endpoint. Two-sided t-tests
were used for normally distributed data, Mann-Whitney U tests
for nonnormally distributed continuous data, and X2 test or
Fisher's exact test for categorical outcomes. RNA-seq was analysed
using DESeq2 with FDR correction. Xenium data were processed
using Squidpy; Sed vs. EXT comparisons used the Mann-Whitney
U test on pseudobulk counts with Benjamini-Hochberg correction
(full detail in the Supplementary Material).

Results

Endurance training enhances AF vulnerability
in canines

We previously reported on a 16-week high-intensity canine en-
durance training protocol that reproduces canonical, structural,
and electrophysiological changes seen in human elite endurance
athletes.?! Here, seven canines that underwent this training
protocol (ExT) and seven sedentary (Sed) animals were studied.
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Electrocardiogram (ECG) recordings (Figure 1A) in conscious and
unrestrained animals demonstrated a significant resting brady-
cardia after completion of the 16-week training programme,
alongside prolongation of the PQ interval, QRS duration, and
the QT interval (Figure 1B). P wave duration was similar between
groups (Sed, 45 +4 ms; ExT, 55+2 ms; P=.24), and all ECG
changes were consistent with repeated recordings in the final
week of training. In line with our previous study,?! comparison
of echocardiography parameters in EXT canines before (week
0, pre) and after (week 16, post) the training regimen confirmed
an increase in left ventricular posterior wall diameter (pre, 7.6 £
0.2 mm; post, 8.7 £ 0.4 mm; P =.03, paired t test) and increased
left ventricular mass (pre, 64.6 + 4.3 g; post, 77.2 + 3.8 g; P = .03,
paired t test) denoting training-induced left ventricular hyper-
trophy. The left atrium underwent structural remodelling (see
Supplementary data online, Figure S1): After 16 weeks of endur-
ance training, LA transverse diameter and area increased signifi-
cantly (see Supplementary data online, Figure S1A). Increase in
atrial size was also evident at the level of the cardiomyocyte
which was hypertrophied in ExT atria (see Supplementary data
online, Figure S1B). In vivo electrophysiological studies were per-
formed to assess whether the training regimen impacted suscep-
tibility to AF. Figure 1C shows representative surface MAP
recordings from the left atrium during programmed electrical
stimulation at 800 beats per minute (BPM) for 10 s. Comparison
of the percentage of successful (AF-triggering) attempts out of
10 inductions (Figure 1C, right panel) demonstrated that the ExT
hearts showed a higher percentage of successful AF inductions
across 10 pacing trains than Sed hearts (57.1% vs. 22.9%; mean
difference 34.3% points, 95% Cl 2.7-65.9). Atrial fibrillation dur-
ation was also longer in ExT at baseline (3.51 vs. 1.03; mean differ-
ence 2.48, 95% Cl —0.47 to 5.43; Figure 1D, left panel) and with
5 ug/kg acetylcholine (6.10 vs. 1.85; mean difference 4.24, 95%
Cl 1.68-6.80, Figure 1D, right panel), consistent with greater AF
vulnerability after endurance training.

Because electrical changes in athletes are often attributed
toincreased parasympathetic tone, we assessed autonomic con-
tributions by measuring heart rate responses to sequential
pharmacological blockade of parasympathetic and sympathetic
input using atropine (0.04 mg/kg) and propranolol (0.2 mg/kg).
In conscious, unrestrained dogs, the heart rate response to atro-
pine was similar in Sed and ExT groups and unchanged pre- vs.
post-training in EXT animals (Figure 1E, left panel), providing no
clear evidence of a change in parasympathetic tone in this study
(Figure 1E, right panel). Sympathetic tone was also comparable
between groups (Figure 1F). In contrast, the intrinsic heart rate
(after combined atropine and propranolol) was significantly re-
duced by training (see Supplementary data online, Figure S2A),
consistent with a reduced spontaneous beating rate of ExT iso-
lated (and therefore denervated) right atrial preparations in
these animals (see Supplementary data online, Figure S2B), sup-
porting training-induced intrinsic remodelling of the sinus node
independent of vagal tone.?!-23:26:27

Endurance training modifies PV-LA
conduction patterns and PV excitability in

canines

High density MEA mapping of the left inferior PV and PV-LA
junction in situ with concomitant MAP recording from the left

inferior PV and left atrial appendage (LAA) were performed to
investigate PV activation and conduction patterns in vivo
(Figure 2A). During sinus rhythm, spontaneous ectopic beats
that originated in the PV and propagated to the LA were ob-
served sporadically in EXT but not Sed hearts (Figure 2B).
Representative data from an ExT heart in Figure 2B (right panel)
show the direction of conduction—unlike in sinus rhythm, con-
duction is reversed, and the ectopic beat propagates from the
PV to the LA. During programmed stimulation from the LAA
(150 BPM), all EXT hearts showed lines of block at the LA-PV
junction, with prolonged local activation time compared with
Sed hearts (7.74 vs. 3.71 ms; mean difference 4.03 ms, 95% Cl
0.11-7.94), together with altered radial propagation patterns
(Figure 2C and D). Pulmonary vein AP parameters including AP
duration (APD) at 90% repolarization (APDgyg) were similar be-
tween groups (Sed, 131 + 18 ms; ExT,143 + 21 ms). During trig-
gered AF, Sed and EXT hearts exhibited distinct spatiotemporal
activation patterns. Rotational activity, defined as sequential
clockwise or counterclockwise isochrones around a centre of ro-
tation, was detected on MEA recordings in 7/7 ExT and 5/7 Sed
hearts (Figure 2E; a representative ExT PV rotor is shown in
Figure 2E). Phase analysis of AF induced by burst pacing in the
presence of 5 pg/kg ACh showed higher rotor activity (number
of rotors/total number of beats over 5 s) in ExT PVs than in Sed
PVs (Figure 2E, right panel). In both groups, rotors typically per-
sisted for at least one rotation before fragmenting into less or-
ganized wavelets. Extracellular matrix (ECM) remodelling can
promote conduction heterogeneity and create pathways that
support re-entry.?8 Consistent with a more heterogeneous re-
entrant substrate, Masson’s trichrome staining of PV-LA pre-
parations showed greater ECM deposition in EXT samples
(2.44% vs 1.00%; mean difference 1.44% points, 95% Cl 0.98
to 1.91) (Figure 2F).

To probe intrinsic PV excitability, denervated PV-LA prepara-
tions were rapidly dissected at the end of the in vivo experi-
ments, superfused, and studied with simultaneous MAP and
MEA recordings after 1-h stabilization (Figure 3A). Six out of se-
ven preparations in both groups were viable and investigated
further. All were quiescent at baseline; however, -adrenergic
stimulation with 1 uM isoproterenol elicited spontaneous APs
exclusively in ExT preparations (Figure 3B). Following pacing
from the right superior PV, ExT preparations showed markedly
greater evoked firing than Sed preparations at both 2 Hz (3 s)
and 10 Hz (3 s) in the presence of isoproterenol (Figure 3B, rep-
resentative traces given in Figure 3C). In EXT preparations, epi-
sodes of evoked firing were longer in duration and exhibited a
higher firing rate than in Sed preparations (Figure 3D). APDyg
at 2 Hz showed a trend to shortening in ExT at baseline and
with isoproterenol, and APD rate dependence was greater in
EXT (Figure 3E and F). Together, these ex vivo data show that en-
durance training enhances PV sleeve excitability and triggered
activity.

Pulmonary vein electrophysiological
remodelling in a mouse model of
training-induced AF

The findings above prompted more detailed investigation of
ExT-induced PV-LA remodelling in a complementary murine
model of treadmill running?’ (full details in Supplementary
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Figure 1 Athlete’s heart phenotype and enhanced AF susceptibility in EXT canines. (A) Representative ECG recordings in an EXT dog
prior to commencement of the training regimen (Pre) and on completion of training at week 16 (Post). (B) ECG intervals in Sed (n=7)
and EXT (n=7) canines. (C) (left) Representative monophasic AP recordings during epicardial burst pacing (800 BPM, 3 x diastolic
threshold, 10 s) in Sed and ExT canines. Red line indicates cessation of burst pacing. (C) (right) AF inducibility, given as successful AF
induction attempts in a total of 10 trials of burst pacing in Sed (n = 7) and ExT (n = 7) canines. (D) AF duration at baseline (left panel)
and after the administration of a bolus dose of ACh delivered intravenously at 2 pug/kg (middle panel) and 5 ug/kg (right panel) in
Sed (n = 7) and EXT (n = 7) canines. (E) (left panel) Mean heart rate recordings in conscious and unrestrained Sed (n = 7) and ExT (at weeks
0 and 16, pre- and post-training; n=7) canines at baseline and during sequential sympathetic followed by parasympathetic block.
(E) (right panel) Parasympathetic tone in Sed (n = 7) and EXT (at week 16 post-training; n = 7) canines. HRop: heart rate under sympa-
thetic block with 0.2 mg/kg propranolol; HRansg: heart rate under double autonomic block with 0.2 mg/kg propranolol and 0.04 mg/kg
atropine. (F) (left panel) Mean heart rate recordings in conscious and unrestrained Sed (n = 7) and ExT (at weeks O and 16, pre- and post-
training; n = 7) canines at baseline and during sequential parasympathetic followed by double autonomic block. HRa¢: heart rate under
muscarinic block with 0.04 mg/kg atropine. (F) (right panel) Sympathetic tone in Sed (n = 7) and ExT (at week 16 post-training; n =7)
canines. Here and in similar graphs, points represent individual observations; horizontal lines indicate the group mean; error bars indicate
95% confidence intervals. P-values computed by Mann-Whitney U test
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Figure 2 Exercise training results in slowed conduction and increased rotational activity in the canine PV-LA junction. (A) Placement of
the 64 channel MEA on the epicardial surface of the PV-LA junction (represented by asterisk) during in vivo open chest experiments in
canines. Channels 1 and 8 (Ch1 and Ch8) indicate the orientation of the MEA in this and in all representative maps. MAP electrodes were
positioned on the LAA or the PV (arrows). (B) Representative simultaneous MAP (left panel) and MEA recordings (right panels) during
normal sinus rhythm (AP propagates from the LA to the PV) and spontaneous PV ectopic beats (AP propagates from the PV to the
LA). Isochronal activation maps denote local activation time (LAT), in which earliest activation is in red and latest is in blue. Arrows re-
present local direction of propagation. (C) Representative PV-LA isochronal maps during 2.5 Hz pacing from the LAA in Sed and ExT
canines. Note isochronal crowding and prolonged LATs in EXT PV-LA. (D) Summary data from experiments like that in C denoting
LAT (left), conduction velocity (CV; middle), and direction of radial propagation (right) in Sed (n=7) and EXT (n=7) canines.
Activation maps are displayed in the same endocardial orientation as Figure 2A; dashed segments indicate defined lines of block, whereas
arrows indicate local propagation. (E) (top panel) Representative recording of rotational activity in the canine PV-LA junction. Phase
maps at baseline (=10 ms) and during a complete rotational reentrant circuit during an AF episode shown. Circle indicates the rotor
core, also defined by the LAT map showing a region of isochronal crowding and wavefront curvature, leading to slowing in conduction
(<0.03 m/s). Red indicates the depolarization phase of the wavefront, and blue, the repolarization phase. The wavefront in the PV pro-
pagates around the rotor core, generating rotational activity. (E) (lower panel) Unipolar electrograms (UEGMs) recorded by the 64 chan-
nel MEA. The vertical pink line shows the time of recording of the phase map above. Images at 2.5 ms intervals shown. (E) (left) Rotational
activity occurrence relative to the total number of beats analysed during 5 s of AF evoked by burst pacing in the presence of 5 ug/kg ACh
in Sed (n = 5) and EXT (n = 7) canines. (F) (left) Representative Masson'’s trichrome staining of 10 um sections of the PV and PV-LA junc-
tion from Sed (n = 6) and EXT (n = 5) preparations. Blue, ECM; purple, myocytes. (F) (right) Fractional area of interstitial ECM deposition in
Sed and EXT preparations normalized to the Sed value, computed from Masson’s trichrome-stained sections. Four sections from each
preparation were analysed. P-values computed by Mann-Whitney U test

920z 8unp G| uo Jasn spaaT Jo Alsianiun Aq Gt 1698/85cBeYs/ieayIna/c601 0L /10p/ao1e-00uBApe/lieayina/woo dno-olwapeoae//:sdiy Woll papeojuMo(]



Endurance exercise remodels PV myocytes & promotes AF risk

A B
D~
£R
S
<0
5%
25
S8
S5
85
£ &

D E

300 0.037 0.037
i 150 i
g €] )
© o
— c o~
8”‘200_ = 100
= = ] c
=0 e 02
B~ 100 ST 507
X ) >3 >
[e) ITle] €
> o~
w o ; 0 e o%
250 ms
Sed EXT Sed ExT

100

50

0

Sed
00005  0.0034 C
ra
0.050
| >
E
5s EXT
oo ol Bl e i
Sed ExT Sed ExT Sed ExT §| il J) ) M
Baseline 2Hz 1M0Hz «
+9 uM'isoproterenol 5s
F o
o
Sed E' 40 0.028
ExT ¥ 204 °
- & °
2& o
<g ’>'<Rx -204 :
o &
5§ w0 ®
<
s 60+ ® oo
ér 80—+
< Sed ExT

Figure 3 Endurance training enhances intrinsic PV excitability in canines. (A) Canine PV-LA preparations and position of MAP and MEA
electrodes in the perfusion chamber. LIPV, left inferior PV; LSPV, left superior PV; RIPV, right inferior PV; RSPV, right superior PV.
(B) Summary data showing percentage of PV-LA preparations in which PV ectopic activity could be evoked using 1 uM isoproterenol
or on electrical stimulation for 3 s at 2 and 10 Hz in Sed and ExT canines. Numbers of cases of ectopic activity and preparations analysed
per treatment are given in bar chart. (C) Representative MAP recordings of spontaneous PV ectopic activity in isolated PV-LA prepara-
tions from Sed and ExT canines following cessation of pacing (2 Hz). (D) Rate (left panel) and duration (right panel) of evoked firing in Sed
(n=7)and EXT (n = 6) canines following 10 Hz burst pacing in the presence of 1 uM isoproterenol. (E) Representative MAP recordings in
Sed and EXT PV showing shorter APDgg in EXT preparations at baseline. (F) APDyg shortening at 4 Hz relative to a pacing rate at 2 Hz (as
a percentage of APDyg at 2 Hz) in the presence of 1 uM isoproterenol in Sed (n = 8) and EXT (n = 4) PV. P-values computed by Mann-

Whitney U test (D, F) or Fisher’s exact test (B)

methods). After 6 weeks, EXT mice showed a 20.5% increase in
body mass normalized VO, (mL/min/kg—0.75, Figure 4A).
Echocardiography confirmed an athlete’s-heart phenotype,
with increased LV relative wall thickness and larger diastolic
LV dimensions (see Supplementary data online, Table S1), to-
gether with increased LA anteroposterior diameter (Figure 4B).
EXT mice also developed sinus bradycardia and PR prolongation
that persisted after combined autonomic blockade (atropine
0.5 mg/kg; propranolol 1 mg/kg), consistent with intrinsic elec-
trophysiological remodelling seen in ExT canines (see
Supplementary data online, Table S1 and Supplementary data
online, Figure S2).

Inducibility of atrial tachyarrhythmia was assessed in the iso-
lated Langendorff-perfused hearts (an ECG-like electrogram
was recorded to monitor electrical activity) using an extrastimu-
lus pacing protocol®° in the presence of the cholinergic agonist
carbachol (1 uM). Examples from an ExT heart are shown in
Figure 4C (left panel). Atrial tachyarrhythmia defined as rapid
and chaotic electrical activity exceeding 10 s in duration’ was
observedin 0% of Sed and 57.1% of ExT hearts, indicating great-
er susceptibility in EXT mice (Figure 4C, right panel). Excitability
of isolated PV-LA preparations was assessed using MEA map-
ping of the endocardial surface (Figure 4D, left panel).
Electrical stimulation at the right superior PV ostium triggered
spontaneous APs on cessation of pacing, the frequency of which

was higher in ExT as compared to Sed preparations (Figure 4D,
right panels) indicating increased excitability of ExT PVs, as
also observed in canines (Figure 3D).

Compared with nodal tissue and working myocardium, PV
myocytes display a distinctive electrophysiological phenotype
that may favour triggered activity.®! In the PVs, spontaneous
AP bursts were frequently seen, and examples recorded with
sharp microelectrodes from EXT preparations are shown in
Supplementary data online, Figure S3A. Analysis of isochronal
activation maps from MEA recordings showed that within a
burst, there can be beat-to-beat variability in the direction of
conduction from the site of earliest activation (SEA;
Supplementary data online, Figure S3A, lower panels). Subtle
changes to the location of the SEA (‘pacemaker shift’) were ob-
served between preparations at baseline and in the presence of
10 uM noradrenaline (see Supplementary data online,
Figure S3B and C). For example, 10 uM noradrenaline resulted
in an inferior shift of the SEA from the right superior PV to the
PV-LA junction in 50% of EXT preparations, but only 25% of
Sed preparations (see Supplementary data online, Figure S3C).
EXT preparations presented with an increased proportion of
fractionated electrograms (indicative of conduction inhomogen-
eity) which corresponded to distinct lines of conduction block in
the PV-LA junction (conduction velocity < 0.1 m/s; Figure 4E,
left panels). As such, conduction velocity was significantly
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Figure 4 Athlete’s heart phenotype, enhanced AF susceptibility, and PV-LA junction remodelling in EXT mice. (A) Normalized VO, of
Sed (n = 8) and EXT (n = 8) mice following 6 weeks of intensity-controlled interval treadmill training. (B) Left atrial anteroposterior (LAAP)
diameter in Sed (n = 8) and EXT (n = 7) mice. (C) (left) Representative ECG traces from Langendorff-perfused Sed and endurance-trained
ExT mouse hearts during baseline sinus rhythm (SR) and during programmed electrical stimulation under 1 uM carbachol. All hearts re-
ceived the same protocol: 20 S1 stimuli at 100-ms cycle length followed by S2-5S10 decremental miniburst pacing with coupling intervals
stepped from 58 ms down to 8 ms (as labelled). In the Sed heart, SR is maintained even at a 10-ms coupling interval, whereas in the ExT
heart, the 20-ms train already provokes sustained atrial tachyarrhythmia (AT) sustained for at least 10 s. Dashed boxes indicate seg-
ments shown at higher magnification (insets). (C) (right) Summary of susceptibility to pacing-induced atrial tachyarrhythmia in Sed vs.
ExT hearts (percentage of hearts with AT). Numbers of AT events and total hearts analysed are shown on the bar chart. (D) (left)
Mouse PV-LA preparation showing MEA position. Channels 1 and 8 (Ch1 and Ch8) indicate the orientation of the MEA in this and
all representative maps. cPV, common PV. (D) (middle) Representative unipolar electrograms from Sed and EXT preparations during
10 Hz pacing (for 3 s) from the RSPV (pacing-induced beats during final 1 s of pacing shown) and following the cessation of pacing (spon-
taneous beats shown). (D) (right) Summary data showing burst rate following pacing in Sed (n = 4) and EXT (n = 7) PV. PPM, pulses per
minute. (E) Representative MEA isochronal maps of LAT during an ectopic beat arising in the PV in Sed and ExT preparations. rsPV, right
superior PV. Representative unipolar electrograms (UnipEGMs) at the locations indicated are given in the insets. Typical biphasic uni-
polar electrograms were observed at the PV-LA junction in Sed PV, while in ExT PV unipolar electrograms were often fractionated
or displayed double peaks. Arrows indicate wavefront propagation path. (E) (right) Summary data of conduction velocity in Sed (n =
8) and EXT (n = 8) preparations. (F) (left) Representative Masson'’s trichrome staining of 10 um sections of the PV-LA junction from
Sed and EXT preparations. Blue, ECM; red, myocytes. (F) (right) Fractional area of interstitial ECM deposition in Sed (n = 6) and ExT
(n=7) preparations computed from Masson’s trichrome-stained sections. Four sections from each preparation were analysed.
P-values computed by Student’s t test (panels A-B, E), Mann-Whitney U test (D), or Fisher's exact test (C)
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Figure 5 PV AP characteristics and excitability are modified by endurance exercise. (A) Representative intracellular APs recorded using
sharp microelectrodes in mouse Sed PV preparations demonstrating exemplar AP subtypes in the PV. (B) Representative intracellular AP
recording from a mouse Sed PV preparation demonstrating the typical burst firing pattern. (C) Normalized AP waveform templates for
the six PV AP subtypes. (D) Pie charts showing proportion of six detected AP subtypes computed as the fraction of events of a given
shape in Sed (top panel) and ExT (bottom panel) preparations. Asterisks denote FDR-corrected P <.001 from binary logistic regression
at the single-AP level (group as predictor; SEs clustered by animal; FDR-corrected across shapes 0-2). (E) Burst duration (left) and num-
ber of APs per burst (right) in Sed and EXT PV myocytes; each point represents a single burst. P-values derived from Welch’s t tests on
log10-transformed data. Points represent individual observations; horizontal lines indicate the group mean; error bars indicate 95% con-
fidence intervals. (F) Histogram showing distribution of intermittence in Sed and ExT PV. Values >0.5 indicate sustained burst activity.
Value distribution as median, 25% and 75% percentile: Sed (0.27, 0.20, 0.46); ExT (0.43, 0.35, 0.67)

reduced in ExT PVs as compared to Sed PVs (Figure 4E, right pa-
nel). Akin to canines, Masson'’s trichrome staining revealed in-
creased ECM deposition in EXT preparations that was
particularly pronounced at the interface between the PV and
the LA, which coincides with conduction slowing and block in
this region (Figure 4F; see Supplementary data online,
Figure S4 for further detail). Next, intracellular APs were re-
corded with sharp microelectrodes from endocardial PV regions
of intact PV-LA preparations from Sed (n=12) and ExT (n=9)
mice. Pulmonary vein electrical activity was highly heteroge-
neous in both groups, with atrial-like APs, pacemaker-like APs
with diastolic depolarization, and APs with early afterdepolariza-
tions and burst firing patterns (Figure 5A and B; Supplementary
data online, Figure S3A). In contrast to previous work,%? specific
AP morphologies were not restricted to specific regions within
the PV. To quantify this heterogeneity objectively, we designed
pattern-recognition software to classify AP morphologies and
burst firing (see Supplementary Methods). This identified six re-
producible AP types (Figure 5C) across preparations and showed
a greater proportion of pacemaker-like APs in EXT PVs
(Sed, 6.7%; ExT, 12.5%; shown in green in Figure 5D;
Supplementary data online, Figure S5). Burst activity in EXT pre-
parations was also more sustained, with longer burst duration
and more APs per burst (Figure 5E; Supplementary data online,
Figure S6). Intermittence, defined as the burst duration (T,ctive)
expressed as a percentage of the sum of the burst and rest dura-
tions (Tactive + Trest; Figure 5F), demonstrated that the time spent
during the burst (i.e. the active phase) was increased in ExT as
compared to Sed preparations. In EXT preparations, the propor-
tion of bursts with durations longer than 1.01 s and 4.01 s were

greater than in Sed preparations; correspondingly, the propor-
tion of shorter bursts was less in EXT preparations than in Sed
preparations (see Supplementary data online, Figure Sé).

Molecular signature of training-induced PV

remodelling

To define the transcriptional programme associated with
ExT-induced PV remodelling, we performed bulk RNA-seq on
biopsies of the mouse common PV (Sed n=8; ExT n=7). Of
55401 transcripts measured, a total of 3590 transcripts met
the prespecified threshold for differential expression between
groups (P<.05, FDR<O0.1; Supplementary data online,
Figure S7). Among the most prominent upregulated ion channel
transcripts was Hcn4 (see Supplementary data online, Figure S7A
and B), consistent with the increased occurrence of pacemaker-
like AP behaviour observed in EXT PV (Figure 5D). Pathway en-
richment analysis highlighted activation of immune-
inflammatory and profibrotic programmes in ExT PVs, includ-
ing TGFB- and NFxB-related signalling, 116/1111, CXCL chemo-
kines (e.g. Cxcl1/2/3/5/11), and cytokine receptors (e.g.
Tnfrl) (see Supplementary data online, Figure S7). To account
for mixed cell populations in bulk RNA-seq, we used digital cy-
tometry (CIBERSORTX) with published murine PV single-cell
reference data to estimate cell-type composition (see
Supplementary data online, Table S3). This suggested changes
in the proportion of different cell types in the PV following
EXT: a significant increase in the proportion of one fibroblast
subtype, a significant decrease in the proportion of another
fibroblast subtype, and an increase (trend only) in the proportion
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Figure 6 Molecular landscape of the PV-LA junction of the mouse at subcellular spatial resolution. (A) Representative 5 um section of
EXT mouse PV-LA junction in Xenium spatial in situ transcriptional study indicating heterogeneity of cell types detected in the PV-LA
junction. Each colour-labelled dot corresponds to a specific transcript captured from a particular location in the tissue section. Eleven cell
types were identified across six preparations and were assigned to a unique colour (CM1, red; CM2, dark green; CM3, dark blue; macro-
phage, dark yellow; fibroblasts, green; adipocytes, pink; endothelial cells, orange; myofibroblasts, magenta; endocardium, dark grey; epi-
thelial cells, purple; smooth muscle, blue). (B) Uniform manifold approximation and projection (UMAP) representation of cell types
identified across Sed (n = 3) and EXT (n = 3) PV preparations. (C) UMAP in Sed samples (Top) and ExT (bottom). (D) Waffle plots demon-
strating mean cell fractions of a specific cell type (colour coded, key shown in figure) in LA and PV regions of Sed and EXT preparations.
(E) (top) Representative image of fibroblasts (green) and myofibroblasts (magenta) showing spatial distribution across PV regions in Sed
and ExT mice. PV-specific CMs highlighted. (E) (lower) Representative image of fibroblasts (green) and myofibroblasts (magenta) showing
spatial distribution across LA of Sed and ExT mice. LA-specific CM population (CM2) highlighted. (F) Heatmaps depicting Z-scores from
neighbourhood enrichment analysis, indicating spatial interactions between cell-type pairs in Sed (top) and ExT (bottom) conditions.
Significant interactions (|Z| > 1.96, P < .05) show enrichment or depletion, with nonsignificant interactions (|Z| < 1.96, P > .05) reflecting
random spatial patterns

of one type of cardiomyocyte (see Supplementary data online,
Figure S7C).

These findings, together with the marked electrophysiological
and histological phenotype described above, motivated spatially
resolved single-cell analyses of the PV-LA junction. We applied
subcellular-resolution targeted in situ transcriptomics (10x
Genomics Xenium) to FFPE sections of the mouse PV-LA junc-
tion (Figure 6A), using a 450-gene panel enriched for ion channel,
inflammatory and ECM transcripts relevant to AF informed by
our bulk RNAseq data (see Supplementary data online, Tables
5S4 and S5; see Supplementary Methods). After quality control,
96 879 cells from three Sed and three ExT preparations were

retained for analysis. Unsupervised clustering resolved major
cell populations (cardiomyocytes, fibroblasts, myofibroblasts,
endothelial and smooth muscle cells, macrophages, and others),
enabling direct comparison of regional composition and spatial
organization (Figure 6B and C). At the level of major cell classes,
macrophage abundance was not modified by region or training
status, while other immune populations were detected incon-
sistently across sections. In contrast, fibroblast and myofibro-
blast populations showed clear training- and region-associated
differences: fibroblasts were enriched in ExT PV (Sed: 17.1%;
ExT: 27.4%; P=.023, Xz test; Figure 6D), and myofibroblasts
were increased in ExT LA (Sed: 3.9%; ExT: 18.7%; P =.001; x2
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Figure 7 lon channel remodelling and pro-inflammatory signalling in EXT PV myocytes. (A) Xenium image of PV-LA junction (left panel)
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purple. (B-C) Dot plot of transcripts encoding key ion channels (top) and proteins related to inflammation (bottom) showing significant
(Mann-Whitney U test, FDR < 0.05) dysregulation between ExT and Sed groups in Xenium experiments. Colour legend describes upre-
gulated transcripts with (green-yellow-beige) and downregulated transcripts with (green-cyan-blue). Fold changes given in logarithmic
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colour coding and key provided in figure

test; Figure 6D), consistent with the ECM expansion quantified
histologically (Figure 4F). Neighbourhood analysis further indi-
cated altered microanatomical organization in EXT tissue, includ-
ing enrichment of fibroblast-myocyte proximity (e.g. FB2-CM1,;
Figure 6F), supporting increased local fibroblast-myocyte inter-
actions at the PV-LA interface.

Given the electrophysiological phenotype (Figures 4 and 5),
we next examined cardiomyocyte heterogeneity and remodel-
ling. Myocytes segregated into three reproducible clusters
(CM1-CMS; Figure 7A and B; Supplementary data online,
Table S5; Supplementary data online, Figure S8) with distinct
ion channel signatures: CM3 showed a pacemaker-like profile
(high Hen1, Hen4, Cacnald), CM2 was atrial-like (Cacnhalc en-
riched), and CM1 exhibited an intermediate/transitional pheno-
type. Pacemaker-like CM3 myocytes were enriched in the PV
sleeves, atrial-like CM2 myocytes were enriched in the LA myo-
cardium, and transitional CM1 myocytes spanned the junction.
Training altered expression of key ion channel transcripts
(Figure 7B and D; Supplementary data online, Figures $9-511).
Exercise training PV samples showed increased expression of
the pacemaker programme (Hcni, Hcn4, Cacnald, Cacnalg),
consistent with increased PV spontaneous activity/excitability
(Figure 4D) and increased frequency of pacemaker-like APs
(Figure 5D) and with bulk RNA-seq showing Hcn4 upregulation
(see Supplementary data online, Figure S7A and B).
Additionally, reduced Scn5a and Gjal across myocyte types
(consistent with slowed conduction) and decreased Cacnalc in
CM1/CM2 were observed (consistent with atrial remodelling

and action potential duration shortening; Supplementary data
online, Figures S5 and Sé). Other training-induced transcript
changes to ion channels and Ca?* handling proteins are consid-
ered further in Supplementary data online, Table S5 and accom-
panying Supplementary Discussion. Strikingly, there was a
robust upregulation of inflammatory genes within PV myocytes
(Figure 7C and E), including Nirp3, NFxB pathway components,
cytokines/chemokines (Tnf, 116, ll1b, 1111, Cxcl3/5/19, Ccr2/5),
and fibrosis-related regulators (Tgfb1/2, Timp1/2). Selected
transcript-level changes were corroborated at the protein level
by immunolabelling, which confirmed increased expression of
HCN1, HCN4, Ca, 1.3, TNFa, and immune cell expansion labelled
with the pan-leukocyte marker CD45 (see Supplementary data
online, Figures $10 and S11). Together, these findings localize
ion channel remodelling and pro-inflammatory signalling to the
PV-LA myocyte compartment, linking the molecular profile to
the electrophysiological changes and fibro-inflammatory sub-
strate shown in Figures 4-6. This is consistent with prior studies
linking pro-inflammatory signalling in myocytes with structural
and electrical remodelling in AF.1#1532-37

Exercise training-induced PV-LA junction

remodelling is proarrhythmogenic

We next used biophysically detailed computer models of human
atrial?* and PV myocytes? to test whether the remodelling ob-
served experimentally is sufficient to reproduce key arrhythmo-
genic features in a human electrophysiological context. We first
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asked whether the PV transcriptomic changes have the poten-
tial to increase PV automaticity. The Dorn et al.?> PV myocyte
model was used to represent a transitional (CM1) phenotype
and adapted to model pacemaker-like (CM3) myocytes based
on ion channel transcript differences (see Supplementary data
online, Table S6). Since both CM1 and CM3 myocytes express
HCN transcripts and ¢ has been recorded in PV myocytes, It
was included in both models. The conductance of I; (g¢) in PV
myocytes is not known, and in this study, a range of g; values
from O to 0.05 nS/pF were used. In the study of Takagi
et al.,®® the density of I was about —1.9 pS/pF at —140 mV,
and this corresponds to a conductance between 0.01 and 0.03
nS/pF (see Supplementary data online, Figure S12). Figure 8A
shows fast time base recordings of steady-state APs, and
Figure 8B shows APDyg and the maximum diastolic potential
(MDP) in the three myocyte types in the Sed and ExT condi-
tions—at various levels of g; in the case of the transitional
(CM1) and pacemaker-like (CM3) myocytes. Atrial-like (CM2)
myocytes exhibited stable diastolic potentials (~—80 mV) and
long APD, closely matching experimental recordings (Figure 5,
Supplementary data online, Figure S6). Transitional (CM1) and
pacemaker-like (CM3) myocytes showed more positive diastolic
potentials and diastolic depolarization when g; conductance was
introduced. The pacemaker-like (CM3) myocyte is predicted to
show spontaneous activity in the Sed condition, and, further-
more, the spontaneous activity is predicted to be faster and
seen over a wider range of g¢ in the EXT condition (Figure 8C
and D), whereas the atrial-like (CM2) and transitional (CM1)
myocytes are predicted not to show spontaneous activity in ei-
ther condition (Figure 8C and D). These predictions are consist-
ent with experimental findings which show that ExT increases
PV ectopic activity (Figure 5; Supplementary data online,
Figure S6é). Together, the simulations indicate that
exercise-induced ion channel remodelling enhances ectopic
pacemaker activity in PV myocytes.

The second question to be addressed with computer model-
ling is whether the structural and transcriptomic remodelling
after EXT has the potential to make the atrial muscle more likely
to sustain AF once initiated. A mesh of the LA was generated
from cine-magnetic resonance images of a healthy 64-year-old
male (Figure 8E), and atrial and PV myocytes were again mod-
elled by the Courtemanche et al.?* and Dorn et al.>> models
(full detail given in Supplementary Methods). To simulate the ef-
fects of ExT, the LA mesh was enlarged by 30% to account for
the LA enlargement,?>®? the fibrotic region at the PV-LA an-
trum was increased by 14% (Figure 4F), ionic conductances in
the PV and atrial myocytes were scaled based on the changes
in ion channel transcript expression (see Supplementary data
online, Table S7), and the diffusion coefficient was reduced to
68% to account for the decrease in gap junction expression
(see Supplementary data online, Table S7). Arrhythmia vulner-
ability of the LA was assessed by applying the PEERP (Pacing
at the End of the Effective Refractory Period) protocol®® at pa-
cing sites on the superior and inferior faces of each of the four
PVs. A pacing site was defined as inducible if an arrhythmia
was sustained for at least 1.5 s after the end of the pacing proto-
col. In the Sed condition, re-entry could not be initiated at any
site. However, in the EXT condition, re-entry was induced at
four of the eight PV pacing sites: superior and inferior faces of
the left superior PV, superior face of the right superior PV,

and the inferior face of the left inferior PV. An example of
pacing-induced re-entry at one of the sites (superior face of
the LSPV) in the EXT condition is shown in Figure 8E, and a movie
of pacing-induced re-entrant rotational activity is shown in the
Supplementary Material. In conclusion, these in silico studies
suggest that the measured training-induced transcriptomic and
structural remodelling changes can initiate and maintain AF in
a human atrial context.

Discussion

Summary

In this study, we interrogated exercise-induced PV and PV-LA
junction remodelling across complementary canine and murine
endurance-training models. Across species, training increased PV
excitability and remodelled the PV-LA junction, with conduction
slowing and heterogeneity that co-localized with ECM expansion.
In mice, sharp microelectrode recordings revealed heterogeneous
PV action potentials with a shift towards pacemaker-like firing and
prolonged burst activity. These functional changes were consistent
with spatial transcriptomic resolution of increased pacemaking ion
channels in PV myocytes and a myocyte-intrinsic inflammatory/
profibrotic programme at the PV-LA region. Human-scale simula-
tions implementing the experimentally measured remodelling in-
creased PV pacemaker propensity and enabled sustained
re-entry in an athlete-scale LA compared with baseline, supporting
the plausibility that PV/PV-LA remodelling of the type quantified
here can generate clinically relevant arrhythmogenic behaviour
when embedded in human atrial geometry.

The PVs are a dominant trigger source in clinical AF, yet rela-
tively few studies have examined, in depth or in translatable
models, how latent PV arrhythmogenic activity becomes mani-
fest and degenerates into atrial arrhythmogenesis. While our
mechanistic emphasis is on PV sleeves and the PV-LA region,
training-associated remodelling is not confined to this interface;
accordingly, we also analysed atrial myocytes in the spatial data-
sets and incorporated atrial cell remodelling in the human-scale
simulations. Three mechanistic aspects merit further consider-
ation: First, endurance training increases PV excitability and
automaticity; the expansion of pacemaker-like PV myocyte be-
haviour (and associated transcriptomic signatures) provides a
plausible basis for heightened PV trigger propensity, particularly
under physiological stress. Notably, although AF in athletes is
often attributed to heightened vagal tone, sequential autonomic
blockade in our canine cohort did not provide evidence of in-
creased parasympathetic or sympathetic tone, while intrinsic
heart rate was reduced, supporting predominantly intrinsic elec-
trical remodelling rather than altered resting autonomic tone in
this model. This observation complements chamber-specific
HCN remodelling: while I remodelling in the sinus and AV
node explains training-related bradycardia and AV conduction
slowing,??>2%27 pulmonary vein sleeves show a reciprocal
pacemaker-like programme that is pro-ectopic. Similarly, onset
and maintenance of age-related*! or tachypacing-induced AF
in dogs*? have been linked to lower HCN channel expression
in the sinoatrial node coupled with higher expression in the
PV and LA. Further investigation of the epigenetic and transcrip-
tional programmes that dictate region-specific expression of
HCNs and other pacemaking-related channels may reveal

920z 8unp G| uo Jasn spaaT Jo Alsianiun Aq Gt 1698/85cBeYs/ieayIna/c601 0L /10p/ao1e-00uBApe/lieayina/woo dno-olwapeoae//:sdiy Woll papeojuMo(]


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data

Endurance exercise remodels PV myocytes & promotes AF risk

13

A B
gr=0nS/pF gr=0.01 nS/pF gr = 0.03 nS/pF 55 APDqq MDP
- 0mv IL =50 1 @® sed. paced
29 - ] trained paced
X 2 [} | > 854
= 8 —— sedentary £ 250 5 65 M sed. spont.
g E' Hainiad trained spont.
_80 R
-80 mV — i 100 - —— 7—1'%
400
| -50 1 P
T omv - ’/Vt
52 A \ 2 250 Z 65
§E = — — .
. -80 mv — S 100 - a1 T
I 400
g I _50 -
= @ OmV - ¥ - . "
i3 s @ 250 - > 654 8 a
-8 _J P . U - /
gE — sp — sp S -80 -
200 ms 0 25 50 0 25 50
All action potentials triggered except for the spontaneous (sp) ones marked gr (pS/pF) gr (pS/pF)
C
Pacemaker-like myocyte ———————— D
Sedentary Trained ol
G (nS/pF)
0.00
a0
0.01
60 4
0.02
z ® sedentary
@ trained
: NAAANANNN Lo adn
0k 000 001 o002 003 o004 005
gr(nSIpF)
E

RSPV RSPV
RIPV
RIPV
90 Vi (MV) 10
| B

Figure 8 Exercise training-induced remodelling is proarrhythmogenic. (A) Simulated heterogeneous AP morphology. Steady-state APs
for the three myocyte model types (atrial-like, transitional, pacemaker-like) in Sed (black traces) and ExT (grey traces) conditions are
shown at three values of g;. When applied pacing at 60 BPM overdrives spontaneous activity, the paced AP is shown; when spontaneous
activity overdrives applied pacing, the spontaneous AP (sp) in the absence of applied pacing is shown. (B) Relationship between APDgq
and the MDP for the three myocyte model types in Sed (black traces) and EXT (grey traces) conditions and g;. (C) Spontaneous APs in the
pacemaker-like myocyte model in the Sed and ExT conditions at various values of g;. Flat lines indicate the absence of spontaneous ac-
tivity. (D) Exercise training increases spontaneous activity in the pacemaker-like myocyte model. The relationship between the rate of
spontaneous APs and g; in the pacemaker-like myocyte model in the Sed and EXT conditions is shown. In (A-D), g¢ is a variable, because
its value is not known and measurement of spontaneous APs were made in the absence of pacing. (E) Simulation of the effects of ex-
ercise training. Meshes of the left atrium of a healthy 64-year-old male, showing PVs (green), PV-LA junction (yellow), and fibrosis at the
PV-LA junction (red) overlaid on the atrial surface (blue), are shown. The original mesh was assumed to correspond to the Sed condition
and is shown on the left, and the modified mesh on the right was taken as the ExT condition (see text for a description of the changes
made). The superior face of the LSPV was paced, and the colour-coded membrane potential (see scale) at the end of pacing is shown.
Only pacing in the ExT case resulted in reentry
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Figure 9 Central illustration linking exercise-induced remodelling to clinical AF outcomes. lllustration summarizing how endurance train-
ing remodels the PV sleeves and PV-LA junction to increase the likelihood that PV activity initiates sustained AF and highlights the mea-
sured mechanistic features that inform PV-targeted therapy and upstream mechanistic candidates

mechanistic entry points for suppressing PV trigger activity
while preserving physiological nodal function.

Second, it is likely that specific electrophysiological character-
istics of the PV-LA junction predispose to AF initiation, because
ectopy from other regions of the atrium such as the crista termi-
nalis does not commonly degenerate into AF, and in some peo-
ple rapid sustained atrial tachycardia from the PVs can
propagate to the LA without initiating AF,*® implying that a per-
missive PV-LA substrate is often required. Our data support a
coupled mechanism in endurance training: (i) PV myocyte ion
channel remodelling increases trigger propensity while (ii) PV-
LA ion channel remodelling and fibroblast-associated ECM ex-
pansion promote conduction delay and heterogeneity (reduced
Scn5a and Gjal are expected to slow conduction via a decrease
in Ina and intercellular coupling,**** and reduced Kcnj2 is ex-
pected to depolarize myocytes and further decrease Iy, via in-
activation, compounding conduction slowing).

Third, while inflammatory signalling has been mechanistically
linked to atrial electrical remodelling,*¢ this study demonstrates
a PV myocyte-intrinsic inflammatory/profibrotic programme.
Among the pathways identified, TNFa, a mechanosensitive cyto-
kine with recognized electrophysiological and profibrotic effects,
is of particular interest. TNFa elevations have been reported after
endurance competition*” and correlate with post-exercise cardiac
dysfunction.*® In mice, TNFa inhibition prevents exercise-induced
atrial remodelling and AF susceptibility,X*° and TNFa induction in
HCN4-expressing cells heightens AF inducibility.** Defining the
causal sequence linking pro-inflammatory signalling with PV excit-
ability and PV-LA substrate formation may help distinguish adap-
tive from maladaptive responses to high training loads and for
identifying upstream interventions.

Limitations

Although the use of complementary species and platforms
strengthens inference, residual confounding related to species,
preparation, and protocol-specific differences cannot be fully
excluded. Our study focused deliberately on the PV and PV-
LA junction; however, atrial remodelling in AF may extend be-
yond this region, including more diffuse left- and right-atrial
changes that were not comprehensively assessed here. Our
findings cannot be extrapolated directly to human athlete AF,
where remodelling likely accrues over decades. Nonetheless,
by studying 4 months of high-intensity endurance training (ap-
proximately five human years) in a canine model with close ana-
tomic, haemodynamic, and electrophysiological parallels to the
human heart, we provide a foundational large-animal step in de-
fining exercise-linked AF mechanisms. Spatial ion channel find-
ings are predominantly at the mRNA level (with protein-level
validation for selected targets), and definitive subtype-resolved
jonic current measurements will require new PV-specific trans-
genic tools and prospective isolation strategies. Finally, we did
not vary training dose or include a training-adaptation (detrain-
ing) arm, so we cannot comment on reversibility of PV/PV-LA
remodelling or whether exercise modification reduces AF bur-
den; these questions are being addressed in randomized
training-adaptation trials in endurance athletes with paroxysmal
AF (e.g. NCT04991337/NEXAF).

Clinical implications (see Figure 9)

(i) Mechanistic explanation for PVI success in athletes. Across
complementary approaches (in vivo/ex vivo electrophysi-
ology, cellular phenotyping, and human-scale simulations),
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endurance training increased PV excitability and automati-
city and produced PV-LA junction remodelling that was
consistent with conduction slowing and greater susceptibil-
ity to re-entry. Together, these findings provide a mechan-
istic basis for why antral PV isolation, by electrically
excluding PV sleeves and adjacent peri-antral tissue, can
be clinically effective in endurance-trained individuals with
AF.2° We do not propose an athlete-specific, uniquely
ablation-responsive PV lesion; rather, endurance training
amplifies canonical PV and peri-antral mechanisms impli-
cated in AF initiation and maintenance.
Risk stratification: Identifying endurance athletes at highest
AF risk remains an unmet need. Although PV triggers com-
monly initiate AF, 24-h monitoring studies in athletes have
not consistently shown a higher burden of premature atrial
beats than in sedentary controls.>® Routine monitoring typ-
ically does not identify ectopy origin, and therefore, global
ectopy counts are likely an incomplete proxy for PV involve-
ment. Our data motivate the hypothesis that PV-LA/antral
substrate measurements such as peri-antral fibrosis distri-
bution on atrial imaging and invasive peri-antral substrate
mapping in ablation cohorts may associate with AF suscep-
tibility beyond ectopy burden alone.

Potential pharmacologic targets for AF prevention.

Intervention testing was outside the scope of this study, but

our spatially resolved molecular data identify PV-enriched

pathways for mechanistic validation and future upstream inter-
ventional work aimed at modifying PV triggers and PV-LA sub-
strate formation. These include pacemaker-linked ion channel
programmes (including HCN/I; and Ca,1.3-associated signa-
tures) and TNFa-linked inflammatory/profibrotic signalling.

The procedural accessibility of the PV-LA antrum raises the

possibility of local PV-targeted modulation strategies; how-

ever, feasibility, safety, and efficacy will require dedicated pre-
clinical and clinical testing.

(iv) Relevance to AF pathophysiology beyond athletes.
Although endurance training was the perturbation used
here, the two components examined likely recur in many
AF settings: PV-triggered initiation and variable susceptibil-
ity of the peri-antral region to conduction slowing, hetero-
geneity, and fibrosis. Our data provide a rationale to test,
in other AF models and disease settings, whether such re-
modelling contributes to AF initiation and maintenance,
alongside established global atrial cardiomyopathy
measures.

(ii

=

(iii

=

Supplementary data

Supplementary data are available at European Heart Journal
online.

Declarations

Disclosure of Interest

Support for the present manuscript from initial planning on-
wards was provided by the British Heart Foundation (FS/19/
1/34035; FS/EXT/24/35026) to A.D. Canine in vivo studies
were funded by the National Research, Development and
Innovation Office (Advanced 142738 and Advanced 153095

to N.J. and A.V.; FK-142949 to N.N.; K-147212 to L.T,, T.H.,
ZH., JAP., AP., and IB.); the National Research,
Development and Innovation Fund (TKP2021-EGA-32 to L.T,,
TH., ZH., JAP, AP, NJ, AV, ASAM, and |B;
GINOP-2.3.2-15-2016-00040;  and RRF-2.3.1-21-2022-
00003, ‘National Heart Laboratory, Hungary, to L.T. T.H,
ZH., JAP., AP, NJ, AV, and |.B.); the Albert Szent-Gyorgyi
Medical School (AOK-KKA 2024 to L.T., T.H., ZH., JAP, AP,
and 1.B.; SZTE AOK-KKA 2022 to N.J.); and the Centre of
Innovation and Excellence, University of Szeged (HUN-REN-
TKI-financed project to A.V., N.J,, and A.S.AM.).

Additional funding within the past 36 months was provided by
Fondation Leducq (TNE19CVO03) to A.D., M.R.B., and M.EM.;
British Heart Foundation grants FS/SBSRF/25/31070, FS/
CRTF/23/24469, and PG/22/10919 to A.D.; the Medical
Research Council, UK (MR/V010050/1) to M.A.C.; a British
Heart Foundation Training Fellowship (FS/4yPhD/F/20/34131)
to M.M.; the Lefoulon-Delalande Foundation Fellowship
(2023-25, University of Montpellier, France) to E.T,;
EU-HORIZON-MSCA-2022-PF-01-01 to L.S.; and research
grants from the British Heart Foundation, Medtronic, and
Boston Scientific (University of Manchester, UK) to G.M.M.
Support for meetings and travel was provided to |.B., N.J,
A.P., AS.AM,, and L.T. by the Department of Pharmacology
and Pharmacotherapy, University of Szeged; the National
Research, Development and Innovation Office (K-142738,
FK-142949, Advanced 150395); and the Albert Szent-Gyoérgyi
Medical School (AOK-KKA 2022, AOK-KKA 2024).

G.M.M. received consulting fees from Boston Scientific and
Abbott (UK) and lecture honoraria from Boston Scientific (UK).
I.B. held unpaid leadership roles including General Secretary of
the International Academy of Cardiovascular Sciences
(European Section), Translational Working Group Leader of
the Hungarian Society for Cardiology, and Secretary of the
Experimental Section of the Hungarian Society for
Experimental and Clinical Pharmacology.

Data Availability

Data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Funding

This work was supported by the British Heart Foundation (grant
numbers FS/SBSRF/25/31070, FS/19/1/34035, FS/EXT/24/
35026, FS/CRTF/23/24469 and PG/22/10919 to A.D.; FS/
18/62/34183 to M.S.; FS/4yPhD/F/20/34131 to M.K.M,; FS/
18/47/33669 to G.M.M.; and AA/18/4/34221 to B.K.); British
Heart Foundation Personal Chairs to B.K. and B.C.; Fondation
Leducg (TNE FANTASY 19CV03 to A.D.S., M.R.B., and
M.EMM.); European Union (grant numbers EU-HORIZON-
MCSA-2022-PF-01-01 to L.S.); Medical Research Council (grant
number MR/V010050/1 to M.A.C), and a Fondation
Lefoulon-Delalande postdoctoral fellowship to E.T.

Canine studies were funded by National Research Development
and Innovation Office, Hungary (grant numbers K 135464 to A.V.
and N.J., K 142738 to A.V. and N.J,, K 147212 to |.B., FK-142949
to N.N., Advanced 150395 to A.V., GINOP-2.3.2.-15-2016-00040
to I.B., and GINOP-2.3.2.-15-2016-00047 to A.V.); Ministry of
Human Capacities, Hungary (grant number EFOP-3.6.2-16-

920z 8unp G| uo Jasn spaaT Jo Alsianiun Aq Gt 1698/85cBeYs/ieayIna/c601 0L /10p/ao1e-00uBApe/lieayina/woo dno-olwapeoae//:sdiy Woll papeojuMo(]


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag358#supplementary-data

16

Soattin et al.

2017-00006 to AV. and N.J.); Albert Szent-Gyorgyi Medical
School (grant numbers SZTE AOK-KKA 2022 to N.J. and
AOK-KKA 2024 to 1.B.); Ministry of Culture and Innovation of
Hungary via the National Research, Development and Innovation
Fund (grant number TKP2021-EGA-32 to I.B.); Pharmaceutical
and Medical Device Developments Competence Centre of the
Life Sciences Cluster of the Centre of Excellence for
Interdisciplinary Research, Development and Innovation to A.V.,
N.J. and I.B., University of Szeged; Hungarian Research Network
(HUN-REN TKI project to N.J.); and National Heart Laboratory,
Hungary (project number RRF-2.3.1-21-2022-00003 to I.B.),
with support provided by the European Union.

Ethical Approval

Experiments in canines were approved by the Ethical
Committee for the Protection of Animals in Research at the
University of Szeged, Hungary (approval numbers:
I-74-15-2017, 1-74-24-2017), and the Ministry of Agriculture
and Rural Development (X111/509/2022), in accordance with
Directive 2010/63/EU. Murine studies were approved by the
University of Manchester and Imperial College London, comply-
ing with the UK Animals (Scientific Procedures) Act 1986.

Pre-registered Clinical Trial Number
Not applicable.

References
1. D'Souza A, Trussell T, Morris GM, Dobrzynski H, Boyett MR. Supraventricular
arrhythmias in athletes: basic mechanisms and new directions. Physiology
(Bethesda) 2019;34:314-26. https://doi.org/10.1152/physiol.00009.2019
2. Heidbuchel H, Hoogsteen J, Fagard R, Vanhees L, Ector H, Willems R, et al.
High prevalence of right ventricular involvement in endurance athletes with
ventricular arrhythmias. Role of an electrophysiologic study in risk stratifica-
tion. Eur Heart J 2003;24:1473-80. https://doi.org/10.1016/S0195-
668X(03)00282-3
3. Heidbuchel H, Prior DL, La Gerche A. Ventricular arrhythmias associated with
long-term endurance sports: what is the evidence? Br J Sports Med 2012;46:
i44-50. https://doi.org/10.1136/bjsports-2012-091162
4. Baldesberger S, Bauersfeld U, Candinas R, Seifert B, Zuber M, Ritter M, et al.
Sinus node disease and arrhythmias in the long-term follow-up of former pro-
fessional cyclists. Eur Heart J 2008;29:71-8. https://doi.org/10.1093/
eurheartj/ehm555
5. Guasch E, Mont L. Diagnosis, pathophysiology, and management of
exercise-induced arrhythmias. Nat Rev Cardiol 2017;14:88-101. https://doi.
org/10.1038/nrcardio.2016.173
6. Karjalainen J, Kujala UM, Kaprio J, Sarna S, Viitasalo M. Lone atrial fibrillation in
vigorously exercising middle aged men: case-control study. BMJ 1998;316:
1784-5. https://doi.org/10.1136/bmj.316.7147.1784
7. Mont L, Sambola A, Brugada J, Vacca M, Marrugat J, Elosua R, et al.
Long-lasting sport practice and lone atrial fibrillation. Eur Heart J 2002;23:
477-82. https://doi.org/10.1053/euhj.2001.2802
8. Myrstad M, Nystad W, Graff-lversen S, Thelle DS, Stigum H, Aaronaes M, et al.
Effect of years of endurance exercise on risk of atrial fibrillation and atrial flut-
ter. Am J Cardiol 2014;114:1229-33. https://doi.org/10.1016/j.amjcard.2014.
07.047
9. Newman W, Parry-Williams G, Wiles J, Edwards J, Hulbert S, Kipourou K, et al.
Risk of atrial fibrillation in athletes: a systematic review and meta-analysis. Br J
Sports Med 2021;55:1233-8. https://doi.org/10.1136/bjsports-2021-
103994
10. Flannery MD, Canovas R, Janssens K, Mitchell AM, D'’Ambrosio P, Spencer
LW, et al. Atrial fibrillation in former world-class rowers: role of environmental
and genetic factors. Eur Heart J 2025;46:5114-25. https://doi.org/10.1093/
eurheartj/ehaf369
11. Spencer LW, D’Ambrosio P, Ohanian M, Rowe SJ, Janssens K, Claessen G, et al.
Atrial cardiomyopathy in endurance athletes. NPJ Cardiovasc Health 2024;1:
30. https://doi.org/10.1038/s44325-024-00032-8
12. Benito B, Gay-Jordi G, Serrano-Mollar A, Guasch E, Shi Y, Tardif J-C, et al.
Cardiac arrhythmogenic remodeling in a rat model of long-term intensive

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

exercise training. Circulation 2011;123:13-22. https://doi.org/10.1161/
CIRCULATIONAHA.110.938282

Guasch E, Benito B, Qi X, Cifelli C, Naud P, Shi Y, et al. Atrial fibrillation promo-
tion by endurance exercise: demonstration and mechanistic exploration in an
animal model. J Am Coll Cardiol 2013;62:68-77. https://doi.org/10.1016/j.
jacc.2013.01.091

Aschar-Sobbi R, Izaddoustdar F, Korogyi AS, Wang Q, Farman GP, Yang F, et al.
Increased atrial arrhythmia susceptibility induced by intense endurance exer-
cise in mice requires TNFalpha. Nat Commun 2015;6:6018. https://doi.org/10.
1038/ncomms7018

Lakin R, Polidovitch N, Yang S, Guzman C, Gao X, Wauchop M, et al. Inhibition
of soluble TNFalpha prevents adverse atrial remodeling and atrial arrhythmia
susceptibility induced in mice by endurance exercise. J Mol Cell Cardiol 2019;
129:165-73. https://doi.org/10.1016/j.yjmcc.2019.01.012

Haissaguerre M, Jais P, Shah DC, Takahashi A, Hocini M, Quiniou G, et al.
Spontaneous initiation of atrial fibrillation by ectopic beats originating in the
pulmonary veins. N Engl J Med 1998;339:659-66. https://doi.org/10.1056/
NEJM199809033391003

Kumagai K, Ogawa M, Noguchi H, Yasuda T, Nakashima H, Saku K.
Electrophysiologic properties of pulmonary veins assessed using a multielec-
trode basket catheter. J Am Coll Cardiol 2004;43:2281-9. https://doi.org/10.
1016/j.jacc.2004.01.051

Hocini M, Ho SY, Kawara T, Linnenbank AC, Potse M, Shah D, et al. Electrical
conduction in canine pulmonary veins: electrophysiological and anatomic cor-

relation.  Circulation 2002;105:2442-8. https://doi.org/10.1161/01.cir.
0000016062.80020.11
Lee G, Spence S, Teh A, Goldblatt J, Larobina M, Atkinson V, et al. High-density

epicardial mapping of the pulmonary vein-left atrial junction in humans: in-
sights into mechanisms of pulmonary vein arrhythmogenesis. Heart Rhythm
2012;9:258-64. https://doi.org/10.1016/j.hrthm.2011.09.010

Mandsager KT, Phelan DM, Diab M, Baranowski B, Saliba W], Tarakji KG, et al.
Qutcomes of pulmonary vein isolation in athletes. JACC Clin Electrophysiol
2020;6:1265-74. 10.1016/j.jacep.2020.05.009

Polyak A, Topal L, Zombori-Toth N, Toth N, Prorok J, Kohajda Z, et al. Cardiac
electrophysiological remodeling associated with enhanced arrhythmia suscep-
tibility in a canine model of elite exercise. Elife 2023;12:€80710. https://doi.
org/10.7554/eLife.80710

D’Souza A, Bucchi A, Johnsen AB, Logantha SJRJ, Monfredi O, Yanni J, et al.
Exercise training reduces resting heart rate via downregulation of the funny

channel HCN4. Nat Commun 2014;5:3775. https://doi.org/10.1038/
ncomms4775
D’Souza A, Pearman CM, Wang Y, Nakao S, Logantha SJRJ, Cox C, et al.

Targeting miR-423-5p reverses exercise training-induced HCN4 channel re-
modeling and Sinus Bradycardia. Circ Res 2017;121:1058-68. https://doi.
org/10.1161/CIRCRESAHA.117.311607

Courtemanche M, Ramirez RJ, Nattel S. lonic mechanisms underlying human
atrial action potential properties: insights from a mathematical model. Am J
Physiol 1998;275:H301-21. https://doi.org/10.1152/ajpheart.1998.275.1.
H301

Dorn A, Krueger MW, Seemann G, Doessel O. Modelling of heterogeneous hu-
man atrial electrophysiology. Biomed Tech (Berl) 2012;57:350-3. 10.1515/
bmt-2012-4215

Bidaud I, D'Souza A, Forte G, Torre E, Greuet D, Thirard S, et al. Genetic abla-
tion of G protein-gated inwardly rectifying K(+) channels prevents
training-induced Sinus Bradycardia. Front Physiol 2020;11:519382. https://
doi.org/10.3389/fphys.2020.519382

Mesirca P, Nakao S, Nissen SD, Forte G, Anderson C, Trussell T, et al. Intrinsic
electrical remodeling underlies atrioventricular block in athletes. Circ Res
2021;129:e1-20. https://doi.org/10.1161/CIRCRESAHA.119.316386

Li D, Fareh S, Leung TK, Nattel S. Promotion of atrial fibrillation by heart failure
in dogs: atrial remodeling of a different sort. Circulation 1999;100:87-95.
https://doi.org/10.1161/01.cir.100.1.87

Kemi OJ, Loennechen JP, Wisloff U, Ellingsen O. Intensity-controlled treadmill
running in mice: cardiac and skeletal muscle hypertrophy. J Appl Physiol (1985)
2002;93:1301-9. https://doi.org/10.1152/japplphysiol.00231.2002
Tikhomirov R, Oakley RH, Anderson C, Xiang Y, Al-Othman S, Smith M, et al.
Cardiac GR determines the diurnal rhythm in ventricular arrhythmia suscepti-
bility. Circ Res 2024;134:1306-26. https://doi.org/10.1161/CIRCRESAHA.
123.323464

Miyauchi Y, Hayashi H, Miyauchi M, Okuyama Y, Mandel WJ, Chen P-S, et al.
Heterogeneous pulmonary vein myocardial cell repolarization implications for
reentry and triggered activity. Heart Rhythm 2005;2:1339-45. https://doi.org/
10.1016/j.hrthm.2005.09.015

Yao C, Veleva T, Scott L Jr, Cao S, Li L, Chen G, et al. Enhanced cardiomyocyte
NLRP3 inflammasome signaling promotes atrial fibrillation. Circulation 2018;
138:2227-42. https://doi.org/10.1161/CIRCULATIONAHA.118.035202

920z 8unp G| uo Jasn spaaT Jo Alsianiun Aq Gt 1698/85cBeYs/ieayIna/c601 0L /10p/ao1e-00uBApe/lieayina/woo dno-olwapeoae//:sdiy Woll papeojuMo(]


https://doi.org/10.1152/physiol.00009.2019
https://doi.org/10.1016/S0195-668X(03)00282-3
https://doi.org/10.1016/S0195-668X(03)00282-3
https://doi.org/10.1136/bjsports-2012-091162
https://doi.org/10.1093/eurheartj/ehm555
https://doi.org/10.1093/eurheartj/ehm555
https://doi.org/10.1038/nrcardio.2016.173
https://doi.org/10.1038/nrcardio.2016.173
https://doi.org/10.1136/bmj.316.7147.1784
https://doi.org/10.1053/euhj.2001.2802
https://doi.org/10.1016/j.amjcard.2014.07.047
https://doi.org/10.1016/j.amjcard.2014.07.047
https://doi.org/10.1136/bjsports-2021-103994
https://doi.org/10.1136/bjsports-2021-103994
https://doi.org/10.1093/eurheartj/ehaf369
https://doi.org/10.1093/eurheartj/ehaf369
https://doi.org/10.1038/s44325-024-00032-8
https://doi.org/10.1161/CIRCULATIONAHA.110.938282
https://doi.org/10.1161/CIRCULATIONAHA.110.938282
https://doi.org/10.1016/j.jacc.2013.01.091
https://doi.org/10.1016/j.jacc.2013.01.091
https://doi.org/10.1038/ncomms7018
https://doi.org/10.1038/ncomms7018
https://doi.org/10.1016/j.yjmcc.2019.01.012
https://doi.org/10.1056/NEJM199809033391003
https://doi.org/10.1056/NEJM199809033391003
https://doi.org/10.1016/j.jacc.2004.01.051
https://doi.org/10.1016/j.jacc.2004.01.051
https://doi.org/10.1161/01.cir.0000016062.80020.11
https://doi.org/10.1161/01.cir.0000016062.80020.11
https://doi.org/10.1016/j.hrthm.2011.09.010
https://doi.org/10.1016/j.jacep.2020.05.009
https://doi.org/10.7554/eLife.80710
https://doi.org/10.7554/eLife.80710
https://doi.org/10.1038/ncomms4775
https://doi.org/10.1038/ncomms4775
https://doi.org/10.1161/CIRCRESAHA.117.311607
https://doi.org/10.1161/CIRCRESAHA.117.311607
https://doi.org/10.1152/ajpheart.1998.275.1.H301
https://doi.org/10.1152/ajpheart.1998.275.1.H301
https://doi.org/10.1515/bmt-2012-4215
https://doi.org/10.1515/bmt-2012-4215
https://doi.org/10.3389/fphys.2020.519382
https://doi.org/10.3389/fphys.2020.519382
https://doi.org/10.1161/CIRCRESAHA.119.316386
https://doi.org/10.1161/01.cir.100.1.87
https://doi.org/10.1152/japplphysiol.00231.2002
https://doi.org/10.1161/CIRCRESAHA.123.323464
https://doi.org/10.1161/CIRCRESAHA.123.323464
https://doi.org/10.1016/j.hrthm.2005.09.015
https://doi.org/10.1016/j.hrthm.2005.09.015
https://doi.org/10.1161/CIRCULATIONAHA.118.035202

Endurance exercise remodels PV myocytes & promotes AF risk

17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Gao G, Dudley SC Jr. Redox regulation, NF-kappaB, and atrial fibrillation.
Antioxid Redox Signal 2009;11:2265-77. https://doi.org/10.1089/ars.2009.
2595

Zhou X, Liu H, Feng F, Kang G-J, Liu M, Guo Y, et al. Macrophage IL-1beta
mediates atrial fibrillation risk in diabetic mice. JCI Insight 2024;9:e171102.
https://doi.org/10.1172/jci.insight.171102

Huang M, Huiskes FG, de Groot NMS, Brundel BJJM. The role of immune cells
driving electropathology and atrial fibrillation. Cells 2024;13:311. https://doi.
org/10.3390/cells13040311

Lai Y-J, Tsai F-C, Chang G-J, Chang S-H, Huang C-C, Chen W-J, et al. miR-181b
targets semaphorin 3A to mediate TGF-beta-induced endothelial-
mesenchymal transition related to atrial fibrillation. J Clin Invest 2022;132:
e142548. https://doi.org/10.1172/JC1142548

Liu Y, Xu B, Wu N, Xiang Y, Wu L, Zhang M, et al. Association of MMPs and
TIMPs with the occurrence of atrial fibrillation: a systematic review and
meta-analysis. Can J Cardiol 2016;32:803-13. https://doi.org/10.1016/j.
cjca.2015.08.001

Takagi D, Okamoto Y, Ohba T, Yamamoto H, Ono K. Comparative study of
hyperpolarization-activated currents in pulmonary vein cardiomyocytes iso-
lated from rat, guinea pig, and rabbit. J Physiol Sci 2020;70:6. https://doi.
org/10.1186/s12576-020-00736-3

Iskandar A, Mujtaba MT, Thompson PD. Left atrium size in elite athletes. JACC
Cardiovasc Imaging 2015;8:753-62. https://doi.org/10.1016/j.jcmg.2014.12.
032

Azzolin L, Schuler S, Déssel O, Loewe A. A reproducible protocol to assess ar-
rhythmia vulnerability in silico: pacing at the end of the effective refractory
period. Front Physiol 2021;12:656411. https://doi.org/10.3389/fphys.2021.
656411

Li YD, Hong Y-F, Zhang Y, Zhou X-H, Ji Y-T, Li H-L, et al. Association between
reversal in the expression of hyperpolarization-activated cyclic nucleotide-
gated (HCN) channel and age-related atrial fibrillation. Med Sci Monit 2014;
20:2292-7. https://doi.org/10.12659/msm.892505

Li J-Y, Wang H-J, Xu B, Wang X-P, Fu Y-C, Chen M-Y, et al. Hyperpolarization
activated cation current (I(f)) in cardiac myocytes from pulmonary vein sleeves

43.

44,

45.

46.

47.

48.

49.

50.

in the canine with atrial fibrillation. J Geriatr Cardiol 2012;9:366-74. https://
doi.org/10.3724/SP.).1263.2012.04161

Morris GM, Segan L, Wong G, Wynn G, Watts T, Heck P, et al. Atrial tachycar-
dia arising from the crista terminalis, detailed electrophysiological features and
long-term ablation outcomes. JACC Clin Electrophysiol 2019;5:448-58.
https://doi.org/10.1016/j.jacep.2019.01.014

van Veen TAB, Stein M, Royer A, Le Quang K, Charpentier F, Colledge WH,
et al. Impaired impulse propagation in Scn5a-knockout mice: combined contri-
bution of excitability, connexin expression, and tissue architecture in relation
to aging. Circulation 2005;112:1927-35. https://doi.org/10.1161/
CIRCULATIONAHA.105.539072

Eloff BC, Gilat E, Wan X, Rosenbaum DS. Pharmacological modulation of car-
diac gap junctions to enhance cardiac conduction: evidence supporting a novel
target for antiarrhythmic therapy. Circulation 2003;108:3157-63. https://doi.
org/10.1161/01.CIR.0000101926.43759.10

Dobrev D, Heijman J, Hiram R, Li N, Nattel S. Inflammatory signalling in atrial
cardiomyocytes: a novel unifying principle in atrial fibrillation pathophysiology.
Nat Rev Cardiol 2023;20:145-67. https://doi.org/10.1038/541569-022-
00759-w

Bernecker C, Scherr J, Schinner S, Braun S, Scherbaum WA, Halle M. Evidence
for an exercise induced increase of TNF-alpha and IL-6 in marathon runners.
Scand J Med Sci Sports 2013;23:207-14. https://doi.org/10.1111/j.1600-
0838.2011.01372.x

La Gerche A, Inder WJ, Roberts TJ, Brosnan MJ, Heidbuchel H, Prior DL.
Relationship between inflammatory cytokines and indices of cardiac dysfunc-
tion following intense endurance exercise. PLoS One 2015;10:e0130031.
https://doi.org/10.1371/journal.pone.0130031

McKie M, Al-Othman S, Smith M, Soattin L, Haley M, Boyett M, et al. Role of
inflammation in ageing-associated sinus node dysfunction. J Mol Cell Cardiol
Plus 2024;10:100112. https://doi.org/10.1016/j.jmccpl.2024.100112

Elliott AD, Mahajan R, Linz D, Stokes M, Verdicchio CV, Middeldorp ME, et al.
Atrial remodeling and ectopic burden in recreational athletes: implications for
risk of atrial fibrillation. Clin Cardiol 2018;41:843-8. https://doi.org/10.1002/
clc.22967

920z 8unp G| uo Jasn spaaT Jo Alsianiun Aq Gt 1698/85cBeYs/ieayIna/c601 0L /10p/ao1e-00uBApe/lieayina/woo dno-olwapeoae//:sdiy Woll papeojuMo(]


https://doi.org/10.1089/ars.2009.2595
https://doi.org/10.1089/ars.2009.2595
https://doi.org/10.1172/jci.insight.171102
https://doi.org/10.3390/cells13040311
https://doi.org/10.3390/cells13040311
https://doi.org/10.1172/JCI142548
https://doi.org/10.1016/j.cjca.2015.08.001
https://doi.org/10.1016/j.cjca.2015.08.001
https://doi.org/10.1186/s12576-020-00736-3
https://doi.org/10.1186/s12576-020-00736-3
https://doi.org/10.1016/j.jcmg.2014.12.032
https://doi.org/10.1016/j.jcmg.2014.12.032
https://doi.org/10.3389/fphys.2021.656411
https://doi.org/10.3389/fphys.2021.656411
https://doi.org/10.12659/msm.892505
https://doi.org/10.3724/SP.J.1263.2012.04161
https://doi.org/10.3724/SP.J.1263.2012.04161
https://doi.org/10.1016/j.jacep.2019.01.014
https://doi.org/10.1161/CIRCULATIONAHA.105.539072
https://doi.org/10.1161/CIRCULATIONAHA.105.539072
https://doi.org/10.1161/01.CIR.0000101926.43759.10
https://doi.org/10.1161/01.CIR.0000101926.43759.10
https://doi.org/10.1038/s41569-022-00759-w
https://doi.org/10.1038/s41569-022-00759-w
https://doi.org/10.1111/j.1600-0838.2011.01372.x
https://doi.org/10.1111/j.1600-0838.2011.01372.x
https://doi.org/10.1371/journal.pone.0130031
https://doi.org/10.1016/j.jmccpl.2024.100112
https://doi.org/10.1002/clc.22967
https://doi.org/10.1002/clc.22967

	Endurance exercise remodels pulmonary vein sleeve myocytes and promotes a proarrhythmic atrial substrate
	Introduction
	Methods
	Animals
	Exercise training
	Measurements
	Statistical analysis

	Results
	Endurance training enhances AF vulnerability in canines
	Endurance training modifies PV–LA conduction patterns and PV excitability in canines
	Pulmonary vein electrophysiological remodelling in a mouse model of training-induced AF
	Molecular signature of training-induced PV remodelling
	Exercise training-induced PV–LA junction remodelling is proarrhythmogenic

	Discussion
	Summary
	Limitations
	Clinical implications (see Figure 9)

	Supplementary data
	Declarations
	Disclosure of Interest
	Data Availability
	Funding
	Ethical Approval
	Pre-registered Clinical Trial Number

	References
	References




