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Abstract Androgenic anabolic steroids (AAS) are commonly abused by young men. Male sex
and increased AAS levels are associated with earlier and more severe manifestation of common
cardiac conditions, such as atrial fibrillation, and rare ones, such as arrhythmogenic right
ventricular cardiomyopathy (ARVC). Clinical observations suggest a potential atrial involvement
in ARVC. Arrhythmogenic right ventricular cardiomyopathy is caused by desmosomal gene
defects, including reduced plakoglobin expression. Here, we analysed clinical records from
146 ARVC patients to identify that ARVC is more common in males than females. Patients
with ARVC also had an increased incidence of atrial arrhythmias and P wave changes. To
study desmosomal vulnerability and the effects of AAS on the atria, young adult male mice,
heterozygously deficient for plakoglobin (Plako+/−), andwild type (WT) littermateswere chronically
exposed to 5α-dihydrotestosterone (DHT) or placebo. The DHT increased atrial expression of
pro-hypertrophic, fibrotic and inflammatory transcripts. In mice with reduced plakoglobin, DHT
exaggerated P wave abnormalities, atrial conduction slowing, sodium current depletion, action
potential amplitude reduction and the fall in action potential depolarization rate. Super-resolution
microscopy revealed a decrease in NaV1.5 membrane clustering in Plako+/− atrial cardiomyocytes
after DHT exposure. In summary, AAS combined with plakoglobin deficiency cause pathological
atrial electrical remodelling in young male hearts. Male sex is likely to increase the risk of atrial
arrhythmia, particularly in those with desmosomal gene variants. This risk is likely to be exaggerated
further by AAS use.

(Received 28 February 2023; accepted after revision 16 January 2024; first published online 10 February 2024)
Corresponding author L. Fabritz: University Centre of Cardiovascular Science, University Heart and Vascular Centre,
UKE Hamburg, 20246 Hamburg, Germany. Email: l.fabritz@uke.de

Abstract figure legend Atrial arrhythmias (AA) can be a clinical manifestation of advanced arrhythmogenic right
ventricular cardiomyopathy (ARVC), and a male preponderance can be observed. Patients with ARVC show atrial
conduction abnormalities on ECG. In a murine experimental ARVC model, low expression of the ARVC-associated
protein plakoglobin (Plako+/−) combined with androgenic anabolic steroid (male sex hormone) exposure led to ECG

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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P wave abnormalities. This was combined with reduced sodium channel (NaV1.5) clustering and decreased peak Na+

current, leading to atrial conduction abnormalities, a substrate for arrhythmias.

Key points
� Androgenic male sex hormones, such as testosterone, might increase the risk of atrial fibrillation
in patients with arrhythmogenic right ventricular cardiomyopathy (ARVC), which is often caused
by desmosomal gene defects (e.g. reduced plakoglobin expression).

� In this study, we observed a significantly higher proportion of males who had ARVC compared
with females, and atrial arrhythmias and P wave changes represented a common observation in
advanced ARVC stages.

� In mice with reduced plakoglobin expression, chronic administration of 5α-dihydrotestosterone
led to P wave abnormalities, atrial conduction slowing, sodium current depletion and a decrease
in membrane-localized NaV1.5 clusters.

� 5α-Dihydrotestosterone, therefore, represents a stimulus aggravating the pro-arrhythmic
phenotype in carriers of desmosomal mutations and can affect atrial electrical function.

Introduction

Several inherited arrhythmia syndromes develop
more severe phenotypes in men carrying pathogenic
variants, e.g. Brugada syndrome or arrhythmogenic
right ventricular cardiomyopathy (ARVC) (Marcus et al.,
2010). Male sex is also associated with a higher incidence
of atrial arrhythmias, both in the general population
and in rare conditions (Baturova et al., 2020; Camm
et al., 2013; Chu et al., 2010; Morita et al., 2002; Priori
et al., 2015; Tonet et al., 1991). Effects mediated by
anabolic androgenic steroids (AAS), such as testosterone
and the most potent androgen, 5α-dihydrotestosterone
(DHT), could contribute. Abuse of AAS is an emerging
global health concern, not restricted to elite athletes
but common in the general population, with reports
indicating a 3.3% lifetime prevalence worldwide (Sagoe
et al., 2014). AAS are abused predominately by men
to increase muscle mass, improve athletic performance
and alter appearance (Sagoe et al., 2014). However, AAS
can cause cardiac pathology, including hypertrophy
and electrophysiological changes (Alizade et al., 2015;
Fineschi et al., 2007; Luijkx et al., 2013; Marsh et al., 1998;
Medei et al., 2010; Pirompol et al., 2016; Urhausen et al.,
2004). Atrial arrhythmias have recently been associated
with elevated total plasma testosterone levels in men
(Berger et al., 2019) and were observed in patients known
to take AAS devoid of a clinical indication (Lau et al.,
2007; Sullivan et al., 1999; Tsai et al., 2014). Despite
these observations, the mechanisms underpinning atrial
electrical remodelling in response to higher levels of AAS
are largely unknown.

ARVC is often caused by variants in desmosomal genes,
including plakoglobin (Antoniades et al., 2006; Asimaki
et al., 2007; McKoy et al., 2000; Protonotarios et al., 2001),
and has recently been reported to show more adverse

outcomes in men (Rootwelt-Norberg et al., 2021) related
to sex hormone levels (Akdis et al., 2017).
We set out to investigate atrial changes in ARVC

because there are associations of common gene variants
close to desmosomal genes with atrial fibrillation
(AF) (Roselli et al., 2018). We hypothesized that a
substantial proportion of ARVC patients is suffering
from clinically relevant atrial arrhythmias and that
vulnerability of the desmosome, caused by, for example,
plakoglobin reduction, might increase the risk of male sex
hormone-induced atrial electrical remodelling.
To test this hypothesis, we screened patient records

for atrial arrhythmias from definite and non-definite
ARVC patients seen at a tertiary centre Inherited Cardiac
Conditions Clinic. Furthermore, we used a murine
ARVC model to study the effects of chronically elevated
AAS levels in male mice with heterozygous plakoglobin
(gamma-catenin) deficiency (Plako+/−), an established
animal model of ARVC (Kirchhof et al., 2006), and their
wild type (WT) littermates.

Methods

Arrhythmogenic right ventricular cardiomyopathy
patient record screening for atrial arrhythmias and
semi-automated analysis of digital ECGs from ARVC
patients

Adult ARVC patients (>18 years of age) seen at a specialty
clinic at a tertiary centre between 2010 and 2021 (Aljehani
et al., 2023) were classified into two disease severity
groups, i.e. non-definite and definite cases, based on 2010
ARVC Task Force Criteria (TFC) (Marcus et al., 2010).
Clinical records were reviewed retrospectively to obtain

information from several modalities, including imaging,

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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electrophysiology, histopathology, genetic testing and
family history, to fulfil a diagnostic classification
cumulatively. Patients exhibiting signs of confirmed
disease based on specific combinations of minor or major
criteria were classified as the ‘definite’ group. Individuals
exhibiting signs on diagnostic investigation congruous
with the 2010 TFC as ‘borderline’ or ‘possible’ ARVC
were considered cumulatively as the ‘non-definite’ group
because they do not confer a confirmed diagnosis of
ARVC. Non-definite cases were included in the analysis
to represent individuals in the earlier phases of disease
with a less severe profile of phenotypic expression. As
expected, right ventricular outflow tract diameter was
increased, and tricuspid annular plane systolic excursion
was lower (<20 mm) in patients with definitive ARVC,
reflecting TFC. Left ventricular function was preserved
in both groups. About one-third of the definite patients
had engaged in competitive sports, whereas only every
10th patient of the non-definite group had a history of
competitive sports. Following good clinical practice in
the UK, genetic analysis was performed only if clinically
indicated. Variants were found mostly in desmosomal
genes (PKP2, plakophilin-2; DSC2, desmocollin-2; and
DSG2, desmoglein-2). Atrial fibrillation and flutter status
were extracted from previous ECGs and clinical letters.
Digital ECG recordings (10 s, sampling frequency 500

Hz) from the most recent follow-up in the Inherited
Cardiac Conditions Clinic were collated and analysed
using MATLAB (MathWorks, USA) and BioSigKit
(https://doi.org/10.21105/joss.00671). To discern the
extent of atrial involvement in definite ARVC patients
in comparison to non-definite patients and control
subjects, family members of index patients who did
not meet task force diagnostic criteria or had ARVC
pathogenic variants excluded from targeted gene panel
testing were additionally included (‘Control’). Digital
ECG analysis was performed by multiple independent
observers in recordings displaying sinus rhythm by
applying a custom-designed, semi-automated algorithm.
ECGs were digitally filtered between 0.5 and 50 Hz,
and using a Chebyshev type II filter. The R wave was
automatically identified, and all complexes within the
recording were averaged to improve signal quality. The
isoelectric line was defined from start to end of the P wave
(Fig 1).

Animal husbandry

All animal procedures were approved by the UK Home
Office (PPL number 30/2967 and PFDAAF77F) and
by the institutional review board of the University of
Birmingham. All animal procedures conformed to the
guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific
purposes. Wild type (WT) and plakoglobin-deficient

(Plako+/−) male 129/Sv mice (Kirchhof et al., 2006) were
housed in individually ventilated cages (two to sevenmice
per cage), in standard conditions: 12 h–12 h light–dark
circle, 22°C and 55% humidity. Food and water were
available ad libitum. The general health status of all mice
(bearing, grooming and behaviour) used in the study
was monitored daily and immediately before all animal
procedures.

Chronic 5α-dihydrotestosterone exposure in the
murine model and experimental timeline

Young adult male mice (8–11 weeks old) were assigned
to either DHT or placebo/control treatment groups in
mixed cages and were fitted with subcutaneous osmotic
mini-pumps (Alzet 2006, USA; reservoir volume 0.2 ml),
containing either DHT (62.5 mg/ml in ethanol) or
solvent alone [Control (Ctr)], for 6 weeks (Fig. 2). Age
and DHT exposure time were matched for all groups.
Mice of comparable weight and ≥20 g were selected for
pump implantation. Weight at pump implantation was
24 ± 0.5 g. At least 40 min before pump implantation,
mice were injected s.c. with 0.05 ml of buprenorphine
(National Veterinary Services, UK) for analgesia. Pump
implantation was performed under general anaesthesia
with isoflurane inhalation (maximum of 4%) in O2, with
a flow rate of 1–2 L/min. Animal handling staff and
investigators were blinded to genotype and treatment.
Echocardiography was performed at 6 weeks of exposure.
Murine hearts were then extracted by thoracotomy
under deep terminal anaesthesia [4–5% isoflurane
(National Veterinary Services, UK) in O2, flow rate 1–2
L/min], resulting in death by exsanguination. Extracted
hearts were used immediately for in organ and in vitro
experimental analysis, as summarized in Fig. 2.

Anabolic androgenic steroid measurements

Serum DHT was determined by ultra-performance
liquid chromatography–tandem mass spectrometry
(LC-MS/MS), as described by Kulle et al. (2010).
In brief, aliquots of samples, calibrator and controls
were combined with the internal standard mixture to
monitor recovery. All samples were extracted using
Oasis MAX SPE system Plates (Waters, USA). The
chromatographic separation was carried out using
an ultra-performance liquid chromatography (UPLC)
system, which is connected to a Quattro Premier/XE
triple Quad mass spectrometer (Waters, USA). A Waters
Acquity UPLC BEH C18 column (1.7 μm, 100 mm ×
2.1 mm) was used at a flow rate of 0.4 ml/min at 50°C.
Water and acetonitril with 0.01% formic acid were used as
the mobile phase. Two mass transitions were monitored.
The following optimized voltages were used: capillary

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 1. Atrial arrhythmias and P wave characteristics in arrhythmogenic right ventricular cardio-
myopathy patients and control individuals
A, lead II ECG recordings from an unaffected individual (control) and a non-definite and definite ARVC patient.
Individual cardiac cycles over a duration of 10 s (grey traces) are overlaid by detected R waves and averaged (black
trace). The PR interval (blue), P wave duration (orange) and P wave area (green) are marked. B, PR interval (box plots
with medians indicated) and P wave characteristics (means ± SD indicated) obtained from semi-automated analysis
of the averaged ECG. Heart rate (mean ± SEM): control, 73 ± 3 beats/min; non-definite ARVC, 75 ± 2 beats/min;
definite ARVC. 60 ± 3 beats/min. P-values from post hoc tests are reported on the graphs [Kruskal–Wallis (P <

0.05) with Dunn’s post hoc test for PR interval; one-way ANOVA (P < 0.05) with Bonferroni post hoc test for
P wave duration and area]. n (number of patients): control, 12; non-definite ARVC, 42; definite ARVC, 25. C, sex
distribution and prevalence of AA in definite ARVC patients in the analysed registry. D, prevalence of AA in definite
ARVC patients in other registries (with weighted mean indicated) and in definite and non-definite ARVC patients
in the registry analyzed here. #Please refer to Table 3 for detailed references. Abbreviations: AA, atrial arrhythmia;
ARVC, arrhythmogenic right ventricular cardiomyopathy.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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voltage 3.5 kV, cone voltage 28–33 V; collision energy
18–25 eV; dwell time 0.01–0.08 s depending on the steroid;
source temperature 120°C; and desolvation temperature
450°C. Argon was used as the collision gas. Data were
acquired withMassLynx v.4.1 software, and quantification
was performed by TargetLynx software (Waters, USA).
During all analyses, the ambient temperature was kept
at 21°C by air conditioning. Analyses had the following
parameters: limit of detection 0.054 nmol/L; limit of
quantification 0.1 nmol/L; inter-assay coefficient of

variation 4–8% for 0.75 and 7.5 nmol/L; and intra-assay
between 2 and 3%.

Murine ECG measurements

Murine surface six-lead ECGs were recorded from mice
using a tunnel system (ecgTunnel, EMKA Technologies,
France), with contact electrodes installed in the tunnel
floor. The ECG recording started after a short adaptation
period. All measurements were conducted during

Figure 2. Genetic model and study design for murine experiments
Experimental time-line and methods used in the murine study. Top, atrial plakoglobin expression normalized to
calnexin and representative immunoblots (IB); n = 5 atria per group. All results described were obtained in male
wild type (WT) or Plako+/− mice at 4 months of age after exposure to either 5α-dihydrotestosterone (DHT) or
placebo control (Ctr) for 6 weeks.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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daytime. Mean ECG recording time was ∼4 min
(3.64 ± 0.13 min) using the software IOX (EMKA
Technologies, France).

The analysis of ECG recordings was performed blinded
to genotype and group (placebo or DHT). All parameters
were measured from lead II. Mean heart rate was
measured by using the software ecgAUTO (EMKA
Technologies, France). Heart beats detected by the
software were checked for ECG quality, and ECG
recordings were also scanned manually for arrhythmias
and abnormalities by an experienced blinded observer.
For better direct comparison, sections of similar heart rate
(aiming for 645 beats/min) were selected.

The software was used to create averaged signals of
20 single beats delivering very clear ECG waves. Signals
were chosen for similar P wave morphology and heart
rate (to exclude heart rate-dependent effects). Three such
summary averaged signals for each animal were analysed
manually for P wave duration and for PR, QRS and QT
intervals, and values obtained were averaged per animal.

Ex vivo beating murine heart Langendorff
electrophysiological study

Electrograms from beating murine hearts were recorded
in a previously reported Langendorff set-up (Obergassel
et al., 2021). In brief, hearts were extracted, and the
aorta was retrogradely perfused with Krebs–Henseleit
(KH) solution at a coronary flow rate of 4 ml/min at
37°C. Hearts were left for 5 min to stabilize a base-
line and then paced via the right atrium using an
octapolar catheter (NUMED, USA), allowing for tracking
of atrioventricular conduction. After determining the
diastolic pacing threshold, S1 pacing was performed at
twice threshold voltage, applying different cycle lengths
of 120, 100 and 80 ms for 1 min each. Analysis of the
occurrence of atrioventricular block was conducted in the
ecgAUTO software environment (EMKA Technologies,
France).

Optical mapping of murine left atria

Murine hearts were mounted on a vertical Langendorff
apparatus (Hugo Sachs, Germany), and the aorta was
retrogradely perfused at 36–37°C, pH 7.4 with KH
solution plus Di-4-ANEPPS (17.5μM; potential-sensitive
ANEP dye D1199, Cambridge Bioscience, UK). The left
atrium (LA) was removed and pinned out in a recording
chamber with the superior surface exposed (Holmes et al.,
2016; Yu et al., 2014). The LA was continuously super-
fused with a KH solution containing (mM): NaCl, 118;
NaHCO3, 24.88; KH2PO4, 1.18; glucose, 5.55; MgSO4,
0.83; CaCl2, 1.8; and KCl, 3.52, equilibrated with 95%
O2–5% CO2, pH 7.4. Blebbistatin (10 μM; Cayman

Chemical, USA) was added to the superfusate to prevent
contraction artefacts. After 15min of equilibration, the LA
was paced (pulses 2 ms in duration, two times diastolic
voltage threshold) at 120−80 ms cycle length (CL)
using bipolar platinum electrodes and a constant-voltage
stimulator (Digitimer, UK). Di-4-ANEPPS was excited
at 530 nm by four LEDs (Cairn Research, UK), and
fluorescence was captured at 630 ± 20 nm using a
second-generation, high-spatial-resolution CMOSORCA
flash 4.0 camera (Hamamatsu Photonics, Japan). Images
were captured at a sampling rate of 0.987 kHz (128 ×
2048 pixels) and digitized usingWinFluor v.3.4.9 (Dr John
Dempster, University of Strathclyde, UK).
Raw images were used to measure LA unfolded

area manually in FIJI. Activation maps, conduction
velocity vectors and optical action potentials were
generated using MATLAB algorithms as described
previously (Holmes et al., 2016; O’Shea et al., 2019;
Syeda et al., 2016; Yu et al., 2014). Individual beat
activation times were calculated from activation maps
constructed by measuring the depolarization midpoint
(time of 50% upstroke amplitude) of the optical action
potential at each pixel. The percentage of tissue activation
was then measured as a function of time, with time
to 95% activation compared between the individual
beats. To analyse conduction changes in more detail,
beat-to-beat variability in whole tissue activation times
was evaluated during rapid physiological pacing. To do
this, 10 individual activation maps were compared from
the final 10 beats of a train of 50 pulses at 80 ms CL.

Murine echocardiography

Echocardiography was performed as previously described
at a target heart rate of 390–440 beats/min (Fabritz et al.,
2011; Kirchhof et al., 2011) with a dedicated small animal
system (Vevo 2100, Visual Sonics, Canada, now Fujifilm)
under light general anaesthesia (0.5–2% isoflurane in O2)
in a warm environment to keep body temperature stable.
Cardiac dimensions and function were assessed in long
and short parasternal axis and apical views. Mean values
were taken from at least three images in 2D and M-mode.
The experiment and analysis were performed in a blinded
fashion, and the analysis was performed by a second
blinded observer.

Transmembrane action potential recordings

Transmembrane action potentials were recorded from iso-
lated, superfused LA using floating glass microelectrodes
(resistance 15–30 M�) filled with 3 M KCl (Holmes et al.,
2016; Syeda et al., 2016; Yu et al., 2014). Preparations
were paced incrementally from 1000 to 80 ms. Voltage
was digitized at 20 kHz and was unfiltered. The trans-

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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membrane action potentials used for analysis were after
200 stimulations to allow for sufficient rate adaptation.

RNA isolation, sequencing and analysis

Left and right atrial tissue samples were collected
from excised hearts after quick perfusion to rinse out
the remaining blood. Total RNA from each atrium
was extracted using the Direct-zol RNA MiniPrep
kit (Zymo Research, USA). RNA integrity number
(RIN) values (accepted only if higher than seven)
were checked using the Bioanalyzer RNA 6000 Nano
Kit (Agilent, USA). Messenger RNA enrichment and
subsequent complementary DNA NGS library pre-
paration was completed for individual atrial samples
using a NEBNext Poly(A) mRNA Magnetic Isolation
Module and Ultra II Directional RNA Library Prep Kit
for Illumina (New England BioLabs, UK). The next
generation sequencing (NGS) library size distribution
was determined by using the Bioanalyzer High Sensitivity
DNA Kit (Agilent, USA) and quantified using the
KAPA Library Quantification Kit (Roche, Switzerland).
Equimolar pooled libraries were sequenced by 75 cycles
in a single read mode on the NextSeq 500 System (v.2.5
Chemistry, Illumina). RNA-seq FASTQ files were aligned
on HISAT2 (v.2.1.0) using Ensembl Mus Musculus
reference GRCm38 (Kim, Paggi, et al., 2019; Zerbino
et al., 2018). Aligned reads were counted using HTseq
v.0.11.2 (Anders et al., 2015). Required transformations
through different RNA-seq analysis steps were done using
Samtools v.1.4 (Li et al., 2009). Differential expression
was obtained using DESeq2 in R (Love et al., 2014)
(http://www.R-project.org/, R 3.4.1). Ensembl IDs were
transformed to gene symbols using BioTools (https:
//www.biotools.fr/mouse/ensembl_symbol_converter,
accessed 28 February 2020).
Data will be made publically available at https://www.

ncbi.nlm.nih.gov/geo/.

Protein quantification

Snap-frozen murine left atria were placed in RIPA
lysis buffer (Roche, USA) supplemented with protease
inhibitor cocktail tablets (Complete Mini, Roche) and
homogenized using 5 mm steel beads (Qiagen, Germany)
and the Mini-BeadBeater-8 (BioSpec Products; 6 ×
10–15 s bursts). Snap-frozen murine right ventricles
were ground to fine powder and resuspended in LB1
containing (mM): Tris-base, 50 (pH 7.5); EDTA, 2;
EGTA, 5; DTT, 5; and 0.05% digitonin, in addition to
protease and phosphatase inhibitors. Pellets of centrifuged
homogenates (17,000 g, 30 min) were resuspended in
LB2 (LB1 + 1% Triton X-100) and centrifuged again.
Forty-five micrograms of protein from the supernatants
comprising the membrane-enriched fractions were used

for SDS-PAGE and semi-dry blotting. Membranes were
blocked in 5% milk in TBS–Tween and antibodies were
diluted in 0.5% milk (Connexin 43, Thermo Scientific,
13-8300, 1:250; NaV1.5, Cell Signalling Technology,
14421 D9J7S, 1:1,000; Na+-K+-ATPase, Cell Signalling
Technology, 3010, 1:1,000) or 5% milk (Plakoglobin, BD
TL, clone 15, 610254, 1:2,000; Calnexin, Abcam, ab22595,
1:2,000) in TBS–Tween. Protein–antibody–horseradish
peroxidase complexes were visualized using ECL sub-
strates on a ChemiDoc Imaging System (Bio-Rad, USA).
Samples were run twice, and average chemiluminescence
values were used for comparison.

Left atrial cardiomyocyte isolation

Hearts were mounted onto a Langendorff apparatus and
perfused with the following three solutions, equilibrated
with 100% O2: (i) HEPES-buffered modified Tyrode
solution containing (mM): NaCl, 145; KCl, 5.4; CaCl2, 1.8;
MgSO4, 0.83; Na2HPO4, 0.33; HEPES, 5; and glucose, 11
(pH 7.4, NaOH) for 5 min; (ii) Ca2+-free Tyrode solution
× 5 min; and (iii) Tyrode enzyme solution containing 20
μg/ml Liberase (Roche, USA) or a collagenase/protease
mix [640μg/ml collagenase type II, 600μg/ml collagenase
type IV and 50 μg/ml protease (Worthington, USA)],
20 mM taurine and 30 μM CaCl2 for 15–20 min.
The LA was removed and placed into a high-K+
modified Kraft–Bruhe (KB) solution containing (mM):
d,l-potassium aspartate, 10; l-potassium glutamate, 100;
KCl, 25; KH2PO4, 10; MgSO4, 2; taurine, 20; creatine, 5;
EGTA, 0.5; HEPES, 5; 0.1% bovine serum albumin (BSA,
Sigma); and glucose, 20 (pH 7.2, KOH). The LA was
dissected into small strips, and then cells were released
by gentle trituration with fire-polished glass pipettes
(1–2 mm in diameter). Cells to be used for patch-clamp
experiments were gradually reintroduced to Ca2+ over a
period of 2 h to reach a final concentration of 1.8 mM. All
experiments were performed within 4–8 h of isolation.

Sodium current recordings

Isolated atrial cells were plated on laminin-coated
coverslips and superfused at 3–4 ml/min at 22 ± 0.5°C
with a low-sodium external solution containing (mM):
NaCl, 10; C5H14ClNO, 130; HEPES, 10; CaCl2, 1.8;
MgCl2, 1.2; NiCl2, 2; and glucose, 10, pH 7.4 (CsOH).
Peak sodium current (INa) was recorded in voltage-clamp
mode using borosilicate glass pipettes (tip resistance
1.5–2.5 M�). The internal pipette solution contained
(mM): NaCl, 5; CsCl, 115; HEPES, 10; EGTA, 10; MgATP,
5; MgCl2, 0.5; and TEA, 20, pH 7.2 (CsOH). Currents
were digitized at 50 kHz and low-pass filtered at 20
kHz. Series resistance was compensated between 60 and
80%. Experiments were terminated if series resistance
increased abruptly or was >10 M� (usually 4–8 M�).
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Current–voltage relationships were examined using
100 ms step depolarizations over test potentials ranging
from−95 to+40mV, in 5mV increments, from a holding
potential of −100 mV. Current–voltage curves were fitted
using the modified Boltzmann equation: INa = Gmax(Vm
−Vrev)/{1+ exp[(V0.5 −Vm)/k]}, where INa is the current
density at an equivalent test potential (Vm), Gmax is the
peak conductance (in nanosiemens), Vrev is the reverse
potential, V0.5 is the membrane potential at 50% current
activation and k is the slope constant (Ackers-Johnson
et al., 2016; Spencer et al., 2001). Time-dependent peak
INa recovery kinetics were evaluated using standard 20 ms
P1–P2 pulse protocols (−100 to−30mV) with increasing
time delay ranging from 1 to 100 ms. Measurements of
steady-state inactivation of INa were made by applying
500 ms prepulses ranging from −120 to −40 mV in
5 mV increments prior to the test potential (−30 mV for
100 ms). Individual atrial cell capacitance was calculated
by integrating the cellular capacitance current elicited
by 10 mV depolarization from a holding potential of
−80 mV.

Analysis of atrial cell diameter and extracellular
matrix composition

Hearts were isolated, and coronary arteries were cleared
of blood using KH buffer before being snap-frozen
in optimal cutting temperature (OCT) compound. For
cell diameter analysis, 10-μm-thick atrial sections were
stained with FITC-conjugated wheat germ agglutinin
(1:1,000) and imaged on a Leica DM6000 B fully auto-
mated fluorescence microscope (Leica Microsystems,
Germany) with a ×40 objective. Scaled images were
extracted using the LASX (LeicaApplication Suite X, Leica
Microsystems, Germany) imaging suite, and cell diameter
and endomysial fibrosis were quantified from sections
using the JavaCyte ImageJ plugin (Winters et al., 2020).

Super-resolution microscopy and NaV1.5 cluster
analysis

Left atrial cells were plated on 10-mm-diameter
laminin-coated coverslips (35 mm dish, 1.5# coverglass,
MatTek, USA) and then fixed in 4% paraformaldehyde
for 90 min to ensure maximal immobilization of cellular
proteins. Cells were permeabilized with a solution of 0.1%
Triton in PBS for 5 min and blocked in a solution
of 5% BSA in PBS for 60 min. The primary poly-
clonal rabbit anti-NaV1.5 antibody (ASC-005, Alomone
Laboratories, Israel; 1:50) was diluted in blocking solution
and incubated overnight at 4°C. Cells were washed
three times in PBS, blocked again for 30 min, then
incubated in secondary antibody fragment [F(ab’)2-goat
anti-rabbit IgG, Alexa Fluor 647, A212-56, 1:1,000;

ThermoFisher Scientific, USA] for 90 min at room
temperature. Direct stochastic optical reconstruction
microscopy (dSTORM) experiments were performed on
a NIKON Eclipse Ti inverted N-STORM microscope
equipped with a NIKON APO 100 × 1.49 NA total
internal reflection fluorescence (TIRF) oil-immersion
objective. Laser illumination was provided using 405 nm
(20 mW), 491 nm (100 mW), 561 mW (100 mW) and
640 nm (200 mW) solid-state lasers. A NIKON Perfect
Focus System (PFS) ensured minimal lateral drift during
acquisition. Immunolabelled samples were imaged in
0.5 mg/ml glucose oxidase, 40 μg/ml catalase, 10% w/v
glucose and 100mMMEA in PBS, pH 7.4 to induce Alexa
647 blinking. During dSTORM acquisition, the sample
was continuously illuminated at 640 nm for 20,000 frames;
fluorescence emission was filtered through a single-band
far-red emission filter (MBE47200 N-STORM cube) and
detected using an Andor iXon Ultra DU897 EMCCD
camera (256 × 256 pixels, 160 nm effective pixel size and
9.2 ms exposure time). The angle of illumination and
the z-depth were kept as consistent as possible across
different samples. Samples were maintained in an OKO
environmental chamber at 27°C for maximum system
stability during imaging.
Fluorescence detections were localized in

ThunderSTORM (Ovesny et al., 2014) using default
settings for the localization step. Post-localization,
the samples were subjected to drift correction
(cross-correlation), filtering for localizations with a
spatial uncertainty <40 nm, duplicate removal (distance
threshold 75 nm) and merging (performed with a
maximum distance of 75 nm; maximum off frames 1;
and maximum frames per molecule 0).
Depending on the overall number of blinking events

in a sample, either 20,000 or 5,000 of the post-processed
images were subjected to cluster analysis. Owing to
variability in blinking events across different imaging
sessions, resulting cluster parameters from each group
were normalized to the mean of the WT control group
acquired during the same imaging session.
Before cluster analysis, we checked the spatial

distribution of membrane-localized detections at the
cell end versus cell middle in 1 μm × 1 μm regions each.
Given that the distribution of localizations across groups
was not different between the two regions and in order to
use as many data points as possible, we performed cluster
analysis for the whole region imaged.
For cluster analysis, we used a topological analysis

tool (Pike et al., 2020) with codes customized to cardio-
myocyte images in an R environment and the following
set parameters: r = 40 nm, threshold = 10 and minimal
number of detections per cluster = 10. Before cluster
analysis, only data points within the cell area were selected
using the normalized Ripley’s K-function [H-function,
H(r) = L(r) − r], with a set linking distance of r = 1 μm,
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and only points withH(r)> 0, indicating a non-dispersed
spatial distribution, were included [background will be
randomly distributed, hence H(r) < 0]. The minimum
area to be detected as a ‘cell’ was set to 15 μm2.
Final super-resolution rendered images were achieved
by applying a normalized Gaussian with magnification
50 and the lateral uncertainty set to the calculated
uncertainty of the localization for each blink (20 nm). Cell
area selection and cluster map images for visualization
were generated using MATLAB.

Statistics

All experiments and analyses were performed blinded
to genotype and treatment. Data from murine studies
were first subjected to outlier analysis, the ROUTmethod,
based around a false-discovery rate, where α = 0.01 and
outliers were removed (Prism v.8, GraphPad Software,
USA). Associations between categorical variables were
analysed by Fisher’s exact test. Significance between
groups for normally distributed data was taken as P <

0.05, ordinary one-way or two-way (repeated)-measures
ANOVA, with Bonferroni’s post hoc test, as appropriate.
Non-normally distributed data were subjected to the
Kruskal–Wallis test with a significance level of P < 0.05
and Dunn’s post hoc test (Prism v.8). Data are presented as
the mean ± SD unless stated otherwise.

Ethical approval

Ethical approval for analysis of clinical data from Inherited
Cardiac Conditions Clinic at the University Hospital
Queen Elizabeth, Birmingham, was granted by the local
department of research ethics at the Queen Elizabeth
Hospital. Given that this observational study in patients
receiving standard National Health Service care was
performed as part of an audit [(CARMS)-16044, 17734],
the clinical audit committee by Birmingham Children’s
Hospital Clinical Audit and Effectiveness Lead/University
Hospitals Birmingham waived the need of informed
consent (Aljehani et al., 2023).
All animal procedures were approved by the UK Home

Office (PPL number 30/2967 and PFDAAF77F) and by the
institutional review board of University of Birmingham,
UK. All animal procedures conformed to the guidelines
from Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes.

Results

Atrial arrhythmias and ECG changes in definite ARVC
patients

The clinical cohort studied (Aljehani et al., 2023)
consisted of 146 patients with suspected cardiomyopathy;

97 were identified as ‘non-definite’ ARVC cases and
49 as ‘definite’ ARVC, i.e. presenting with a complete
phenotype according to the 2010 TFC (Marcus et al.,
2010). Semi-automated analysis of available digital ECG
lead II recordings focusing on atrial parameters (Fig. 1A)
showed PR interval prolongation, increased P wave
duration and increased P wave area in the advanced,
definite disease stage (Fig. 1B). Non-definite ARVC
patients exhibited no difference in the analysed P wave
parameters compared with unaffected control subjects.
The mean age of the patients at the time of ECG analyses
was not different between the groups (Table 1; 42 ±
18 years for non-definite vs. 43 ± 18 years for definite,
P = 0.743). There was a significant association between
male sex and ARVC diagnosis type (Fig. 1C and Table 1;
43% male amongst non-definite vs. 73% male amongst
definite patients, P = 0.007). Twenty-four per cent of
definite ARVC patients experienced AF and/or flutter
[summarized as ‘atrial arrhythmia (AA)’], compared with
only 3% of the non-definite ARVC patients (Table 1 and
Fig. 1C). The weighted mean of AA prevalence from a
meta-analysis of published registries was 16% (Fig. 1D).

5α-Dihydrotestosterone causes general and cardiac
growth response in mice

To study increased androgen exposure and desmosomal
instability jointly in atria, Plako+/− mice and WT
littermates were subjected to chronic DHT treatment over
6 weeks (refer to Fig. 2 for an overview scheme).
Treatment led to a 3- to 4-fold increase in serum DHT

concentration in both genotypes compared with controls
(Ctr) (Fig. 3A). Treatment with DHT increased body
weight (Fig. 3B) and seminal vesicle mass/tibia length
ratio (Table 2) and led to left ventricular hypertrophy in
Plako+/− animals (Table 2). The DHT caused a mild atrial
growth response. Atrial weight/tibia length ratio (Fig. 3C)
and atrial area/tibia length ratio (Fig. 3D) were increased
in Plako+/− mice after DHT exposure.
Exploratory RNA sequencing analysis confirmed∼50%

reduction in atrial plakoglobin (Jup) expression in
Plako+/− compared with WT animals (Fig. 3E). A
reduction in atrial plakoglobin was also confirmed
at the protein level (Fig. 2). In control hearts, gene
expression patterns did not differ markedly between
genotypes (data not shown). Chronic DHT exposure
resulted in significant transcriptional changes in atria of
both WT and Plako+/− mice: DHT activated expression
of genes associated with muscle growth (e.g. Igf1,
Mtpn and Myocd) and also immune (e.g. C7, Tlr3
and Tlr4) and pro-fibrotic response genes (e.g. Col1a1,
Col3a1, Srf and Lox; Fig. 3F), confirming the increased
atrial weight and atrial area/tibial length ratio. Trans-
criptional changes were induced to a similar extent
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Figure 3. Systemic and atrial growth response and atrial gene expression profiles
A and B, serum 5α-dihydrotestosterone (DHT) concentration (A; n = 11–18 mice per group) and body weight (B; n
= 48–54 mice per group) are increased after DHT treatment. C, D, left atrial (LA) weight to tibia length ratio (C; n =
29–32 atria per group) and LA unfolded area (D; P < 0.05, two-way ANOVA) measured from optical mapping raw
images is significantly increased in Plako+/− subjected to DHT (post hoc Student’s unpaired t test, P-values indicated
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on graph, n = 8–10 atria per group). E, normalized read counts of the plakoglobin gene Jup from RNA sequencing
analysis, confirming ∼50% reduction of expression in heterozygous knockout (Plako+/−) animals in both left (n =
3–6/group) and right atria (RA; n = 3–6 per group; Benjamini Hochberg-corrected P-values from DESeq2 reported
on graph). F, selected genes significantly regulated (Benjamini Hochberg-corrected P-value from DESeq2< 0.05) by
DHT exposure in at least one of the genotypes. The DHT treatment leads to atrial growth, pro-fibrotic and immune
response gene expression. n = WT Ctr, 3 LA + 3 RA; WT DHT, 6 LA + 6 RA; Plako+/− Ctr, 4 LA + 4 RA; Plako+/−
DHT, 6 LA + 6 RA. G–I, example LA sections (G) stained with FITC-conjugated wheat germ agglutinin (lectin, ×400
magnification; scale bar represents 20 μm) for automated quantification of cell diameter (H) and endomysial
fibrosis (I; cell-to-cell distance) in both LA and RA. Individual measurement’s data points (light grey) with violin
plots including medians (colour coded per group) and the interquartile range are shown. Numbers indicate total
measured cells/cell-to-cell distances. Linear mixed modelling revealed no significant differences between genotype
or treatment groups. Genes are as follows: Acta2, smooth muscle (α)-2 actin; Adamts9, ADAM metallopeptidase
with thrombospondin type 1 motif 9; C7, complement C7; Ccn2, connective tissue growth factor; Ccnd2, cyclin
D2; Ccr5, C-C motif chemokine receptor 5; Col1a1/3a1/4a1/4a2/5a1, collagen type 1 alpha 1/3 alpha 1/4 alpha
1/4 alpha 2/5 alpha 1; Csf1r, colony stimulating factor 1 receptor; Dusp4, dual specificity phosphatase 4; Fbn1,
fibrillin 1; Fgf1, fibroblast growth factor 1;Gdf10, growth differentiation factor; Has2, hyaluronan synthase 2; Igf1,
insulin-like growth factor 1; Igf2r, insulin-like growth factor 2 receptor; Il34, interleukin 34; Irs1, insulin receptor
substrate 1; Lox, lysyl oxidase; Mhrt, myosin heavy chain associated RNA transcript; Mtpn, myotrophin; Myocd,
myocardin; Ngfr, nerve growth factor receptor; Psap, prosaposin; Rock2, rho associated coiled-coil containing
protein kinase 2; Tlr3, toll like receptor 3; Tlr4, toll like receptor 4.

in left and right atria. However, atrial cardiac myo-
cyte diameter and endomysial collagen deposition were
not significantly different between genotypes after DHT
treatment, as quantified in semi-automated histological
analysis (Fig. 3H and I).

5α-Dihydrotestosterone induces atrial ECG changes in
plakoglobin-deficient mice

To check whether atrial ECG changes observed in definite
ARVC patients are also present in the murine model,
ECGs were recorded from conscious mice after DHT
treatment or placebo control. Both PR interval and P wave
duration exhibited mild but significant prolongation
in Plako+/− animals exposed to DHT compared with
WT littermates exposed to DHT (Fig. 4A and B).
Echocardiographic assessment of the left atrial diameter
in vivo revealed ventricular but not atrial hypertrophy
(Table 2 and Fig. 4C and D).

5α-Dihydrotestosterone causes atrial conduction
slowing in heterozygous plakoglobin-deficient hearts

Chronic DHT exposure slowed conduction in Plako+/−
but not WT atria (Fig. 5A–C). The reduction in

conduction velocity in Plako+/− DHT atria was more
pronounced at higher pacing frequencies. The Plako+/−
atria exposed to DHT exhibited an overall prolongation
of 95% atrial activation times and increased beat-to-beat
activation variability compared with WT Ctr and
Plako+/− Ctr atria (Fig. 5D–F). Intact hearts from
Plako+/− mice exposed to DHT showed a non-significant
trend towards a more frequent occurrence of atrio-
ventricular block in ex vivo Langendorff experiments
(Fig. 5G).

5α-Dihydrotestosterone reduces atrial action
potential amplitude and rate of depolarization in
heterozygous plakoglobin-deficient atria

The intracellular microelectrode technique was used to
record transmembrane action potentials from paced,
superfused atria (Fig. 6A and B). Paced atria isolated
from Plako+/− DHT mice showed longer activation
times (Fig. 6C). Action potential amplitude was reduced
in Plako+/− DHT left atria, as was the peak rate of
depolarization (dV/dtmax), both indicative of sodium
current impairment (e.g. 120 ms pacing CL WT Ctr, 118
± 5V/s;WTDHT, 120± 7V/s; Plako+/− Ctr, 116± 4V/s;
Plako+/− DHT, 89 ± 5 V/s; Fig. 6D and E). Chronic DHT

Table 1. Arrhythmogenic right ventricular cardiomyopathy (ARVC) patient and control characteristics

Characteristic
Control subjects

(n = 12)
Non-definite ARVC

(n = 97)
Definite ARVC

(n = 49) P-value∗

Age at last follow-up, mean ± SD (years) 38 ± 14 42 ± 18 43 ± 16 0.743
Male, n (%) 7 (58) 42 (43) 36 (73) 0.007
Atrial fibrillation/flutter, n (%) – 3 (3) 12 (24) 0.0001

♂, 2 ♀, 1 ♂, 8 ♀, 4

∗
Non-definite versus definite, Fisher’s exact test.
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Figure 4. Murine atrial ECG and echocardiography parameters
A, exemplary ECG recordings in conscious mice. Shown are compound potentials averaged from 20 subsequent
cardiac cycles. The PR interval (blue) and monophasic part of the P wave (orange) are marked. B, PR interval (n =
30–34 mice per group) and P wave duration (n = 20–30 mice per group) are prolonged in Plako+/− DHT compared
with WT DHT (two-way ANOVA, P < 0.05 with post hoc Student’s unpaired t test; P-values are indicated on
graphs). C, example echocardiographic images obtained in parasternal long axis view, displayed during systole
(atrial diastole). D, LA diameter from echocardiography normalized to tibia length (n = 15–23 mice per group).
Abbreviations: DHT, 5α-dihydrotestosterone; LA, left atrium; WT, wild type.
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Figure 5. Left atrial area, conduction velocity and activation time variation
A, experimental set-up for optical mapping of isolated LA. B, exemplary isochronal activation maps of LA at 100 ms
pacing CL (averaged). C, both heterozygous deletion of plakoglobin (Plako+/−) and DHT exposure have a significant
effect on LA conduction velocity (P < 0.05, two-way repeated measures ANOVA), but it is significantly decreased
only in LA of Plako+/− DHT animals (Bonferroni-adjusted post hoc test, across all CLs, n = 8–9 LA per group). D,
example individual beat activation maps taken from the final five beats of a train of 50 pulses at 80 ms pacing
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CL. E, both genotype and DHT exposure have a significant effect on beat-averaged 95% LA activation times. F,
DHT treatment has a significant effect on mean beat-to-beat variation in 95% activation times calculated from
the final 10 beats of a train of 50 pulses at 80 ms CL (two-way ANOVA with post hoc analysis as appropriate,
P-values indicated). Individual data points denote a single LA. Number of LA: WT Control, 6; WT DHT, 7; Plako+/−
Control, 8; Plako+/− DHT, 9. G, percentage of hearts with AV block occurring during ex vivo Langendorff perfusion
experiments. Number of hearts: WT Control, 6; WT DHT, 11; Plako+/− Control, 11; Plako+/− DHT, 11. D, LA
diameter from echocardiography normalized to tibia length (n = 15–23 mice per group). Abbreviations: AV, atrio-
ventricular; CL, cycle length; DHT, 5α-dihydrotestosterone; LA, left atrium; WT, wild type.

exposure did notmodify action potential duration (APD),
beat-averaged left atrial optical APD90 or beat-to-beat
APD90 variability (data not shown).

5α-Dihydrotestosterone decreases peak sodium
current density in heterozygous plakoglobin-deficient
atrial cardiac myocytes

To examine mechanisms underlying alterations in action
potential morphology and conduction in Plako+/−
DHT atria, whole-cell patch-clamp experiments were
performed, monitoring peak sodium current (INa)
amplitude and kinetics. Peak whole-cell INa density
was decreased by∼20% in Plako+/− atrial cells after DHT
exposure (Fig. 7A–C). Left atrial cell capacitance was
elevated by DHT exposure in both WT and Plako+/−,
but not different between the genotypes (Fig. 7D). There
was a considerable spread of individual cell capacitance
in DHT-exposed groups, indicative of variable degrees of
hypertrophy. Activation kinetics were consistent between
all groups (V50 activation, WT Ctr, −43 ± 1 mV; WT
DHT, −46 ± 1 mV; Plako+/− Ctr, −46 ± 1 mV; Plako+/−

DHT, −46 ± 2 mV). Exposure to DHT caused a leftward
shift in steady-state inactivation kinetics in Plako+/−
(Fig. 7E). The 50% recovery time (P50) from inactivation
was significantly longer in the Plako+/− DHT, suggestive
of a delayed rate of sodium channel recovery (Fig. 7F).
Expression of Scn5a, encoding for the alpha sub-

unit of Nav1.5, was not different between groups (Fig.
7G). Relative protein expression of NaV1.5 assessed by
immunoblot in membrane-enriched fractions revealed
only a non-significant trend towards reduction in the
Plako+/− DHT compared with the WT DHT group
(Fig. 7H). Membrane connexin 43 followed the same
pattern (Fig. 7H).

NaV1.5 cluster depletion in Plako+/− atrial cardiac
myocytes following DHT exposure

Protein quantification of ion channels by western blot
could neither prove nor disprove a reduction in NaV1.5 in
membrane fractions of cardiac tissue (Fig. 7H). To define a
molecular cause of INa density depletion in Plako+/− DHT
atrial cardiacmyocytes, we examinedNaV1.5 organization

Table 2. Phenotypic characteristics of the Plako+/− murine model and wild type littermates

Characteristic WT control WT DHT P-value
Plako+/−

control Plako+/− DHT P-value

Age at terminal experiment (weeks) (n = 59–67) 16.5 ± 0.2 16.7 ± 0.2 n.a. 16.0 ± 0.2 16.6 ± 0.2 n.a.
Body weight (g) (n = 59–65) 27.9 ± 0.4 29.4 ± 0.4 0.010 27.9 ± 0.4 29.2 ± 0.4 0.014
Serum DHT (nM) (n = 11–18) 0.25 ± 0.06 0.85 ± 0.21 0.032 0.31 ± 0.11 1.22 ± 0.29 0.015
Left atrial weight:tibia length (mg/mm)

(n = 29–32)
0.23 ± 0.01 0.24 ± 0.01 0.385 0.22 ± 0.01 0.28 ± 0.02 0.003

Right atrial weight:tibia length (mg/mm)
(n = 28–32)

0.25 ± 0.01 0.29 ± 0.01 0.044 0.26 ± 0.02 0.30 ± 0.03 0.172

Seminal vesicle weight:tibia length (mg/mm)
(n = 39–45)

6.0 ± 0.4 6.0 ± 0.3 0.909 5.5 ± 0.2 6.5 ± 0.3 0.019

Murine echocardiography (light anaesthesia, mean heart rate 390–440 beats/min)
Heart rate (beats/min) (n = 18–28) 411 ± 3 415 ± 3 0.365 413 ± 3 414 ± 3 0.751
Left atrial diameter:tibia length (mm/mm)

(n = 15–23)
0.130 ± 0.005 0.140 ± 0.007 0.285 0.138 ± 0.006 0.144 ± 0.007 0.468

Left ventricular mass:tibia length (mg/mm)
(n = 18–28)

5.4 ± 0.3 5.5 ± 0.3 0.903 4.9 ± 0.2 6.0 ± 0.3 0.007

Left ventricular ejection fraction (%)
(n = 18–28)

43 ± 3 50 ± 3 0.074 47 ± 2 45 ± 3 0.632

Data presented as the mean ± SEM; n = number of animals per group. The P-values for differences between control and DHT groups
are reported. Abbreviations: DHT, 5α-dihydrotestosterone; WT, wild type.
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at the super-resolution level using dSTORM. Owing to
the high variability in T-tubule density between different
atrial cells, we focused on NaV1.5 channels located within
∼200 nm of the contact cell surface membrane by
using TIRF/HILO. Exemplary super-resolution images
of NaV1.5 detections and characteristic cluster maps are
shown in Fig. 8A.
At the Plako+/− DHT atrial cardiac myocyte

membranes, fewer NaV1.5 detections were observed
comparedwithWTDHT (Fig. 8B). Of the total detections,

the proportion present in distinct NaV1.5 clusters was
significantly lower in the Plako+/− DHT compared with
WT DHT cardiac myocytes (Fig. 8C). Characteristics of
identified NaV1.5 clusters, i.e. cluster density and cluster
area, were similar in all four groups (data not shown).
The 95% confidence intervals generated from our murine
WT Ctr LA experiments suggest a range of 3 × 10−3 to 4
× 10−3 NaV1.5 channels/nm2 cluster (Fig. 8D; both mean
and median at 3 × 10−3 channels/nm2 cluster), resulting
in an estimated nearest-neighbour distance of 20 nm.

Figure 6. Left atrial activation time and action potential characteristics
A, experimental set-up for intracellular microelectrode measurements in paced LA to record transmembrane
action potentials. B, representative examples obtained at 100 ms pacing cycle length. C–E, both heterozygous
plakoglobin deletion and DHT exposure have a significant effect on mean LA activation time (C), mean action
potential amplitude (D) and dV/dtmax (E) (two-way repeated measures ANOVA, P < 0.05). WT Ctr, n = 21 cells,
N = 7 LA; WT DHT, n = 13 cells, N = 5 LA; Plako+/− Ctr, n = 20 cells, N = 7 LA; and Plako+/− DHT, n = 23
cells, N = 8 LA. The Plako+/− DHT LA have longer activation times, decreased action potential amplitude and
reduced dV/dtmax (Bonferroni-adjusted post hoc analysis: adjusted P-value vs. all other groups, across all cycle
lengths). Data were averaged per atrium before performing statistical analysis. Abbreviations: Ctr, control; DHT,
5α-dihydrotestosterone; dV/dtmax, maximum upstroke velocity; LA, left atrium; WT, wild type.
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Figure 7. Atrial cardiomyocyte sodium current, cell capacitance and cardiac expression of membrane
sodium channel and connexin
A, representative atrial whole-cell peak Na+ current (INa) traces measured at test potentials of −100 to +40 mV. B,
mean current–voltage relationships. C, peak sodium current density at−30mVmembrane potential. Plako+/− DHT
atrial cardiomyocytes have reduced INa density (two-way repeated-measures ANOVA with Bonferroni post hoc
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analysis). D, both genotype and DHT treatment show a significant effect on individual cell capacitance (two-way
ANOVA, P < 0.05). Bonferroni-corrected post hoc analysis shows a significant increase in cell capacitance by DHT
compared with Ctr in both genotypes. Cell capacitance is highest in atrial cardiomyocytes from Plako+/− DHT. E,
mean V50 values for steady-state inactivation of sodium channels (two-way ANOVA, P < 0.05). Results of post hoc
Student’s unpaired t test are indicated on the graph. F, 50% sodium channel recovery times (P50) for each group
(two-way ANOVA, P < 0.05). Results of post hoc Student’s unpaired t test are indicated on the graph. Plako+/−
LA DHT-treated cells have delayed recovery. In B–F, WT Ctr, n = 14 cells, N = 5 atria; WT DHT, n = 16 cells, N = 5
atria; Plako+/− Ctr, n = 11 cells, N = 4 atria; and Plako+/− DHT, n = 21 cells, N = 5 atria. G, normalized read counts
of sodium channel transcript Scn5a in atria obtained from RNA sequencing analysis (n = 3–6 atria per group). H,
protein expression in membrane-enriched cardiac tissue fractions: left, example IBs; and right, quantification of
relative NaV1.5 and connexin 43 expression normalized to Na+–K+-ATPase expression (n = 6 right ventricles per
group). Abbreviations: Ctr, control; DHT, 5α-dihydrotestosterone; IB, immunoblot; LA, left atrium; WT, wild type.

Discussion

Major findings

Our main findings are as follows. First, atrial arrhythmias
and P wave changes represent a common clinical
observation in patients with ARVC. The cohort studied
here presents with amale preponderance amongst definite
ARVC patients. Exposure to the potent androgen DHT
leads to pro-hypertrophic, pro-fibrotic and inflammatory
transcriptional signatures in murine atria. Third, chronic
DHT exposure in mice heterozygously deficient for
plakoglobin induces atrial changes in the ECG like
those observed in ARVC patients. Fourth, increased
DHT concentrations together with haploinsufficiency of
plakoglobin are associated with a decreased number
of membrane-localized NaV1.5 clusters, reduced
atrial sodium current density and atrial conduction
slowing.
We report that definite ARVCpatients exhibit increased

P wave area and prolonged PR interval and P wave
duration in the ECG. A phenocopy of these ECG changes
is observed in plakoglobin-deficient mice exposed to
supraphysiological DHT concentrations. Heterozygous
plakoglobin deficiency predisposes cardiac atrial tissue to
hypertrophy and a reduction in sodium current density
after 6 weeks of exposure to elevated concentrations
of DHT, resulting in a decrease in the peak upstroke
velocity of the atrial action potential (dV/dtmax), left
atrial conduction slowing and increased electrical
beat-to-beat variability. Super-resolution microscopy
(dSTORM) identified a depletion of NaV1.5 channels
and clusters at atrial cardiomyocyte membranes isolated
from Plako+/− DHT-treated mice. This was accompanied
by the functional electrophysiological modifications of
reduced atrial NaV1.5 current density and impaired atrial
conduction.
The results are likely to capture an early disease stage

and underpin the role of plakoglobin in regulating NaV1.5
channel cellular localization in the LA and in preserving
LA electrical integrity in response to stressors, such as
pro-hypertrophic DHT exposure.

Patients in the definite ARVC disease stage display a
preponderance of male sex, a high prevalence of
atrial arrhythmias and P wave changes

One-quarter (24%) of the patients with definite ARVC
in our cohort had atrial arrhythmias. Meta-analysis of
published studies (between 1991 and 2021) revealed
a weighted mean atrial arrhythmia prevalence of 16%
amongst a total of 1968 ARVC patients (Table 3). More
than 99% of the reported patients were diagnosed with
‘definite’ ARVC. Male preponderance, with a weighted
mean of 66% males, in definite ARVC was a common
feature of all screened patient cohorts. Definite ARVC
patients were also more likely to be male in the cohort
described here (Table 1 and Fig. 1).
Several P wave indices were found to be changed

in the ARVC patients with the definite disease stage.
P wave duration was prolonged, and P wave area
increased in those patients comparedwith control subjects
or non-definite patients, suggesting pathophysiological
remodelling. Both P wave prolongation and increased
P wave area have been associated with AF or increased
AF recurrence (Gorenek et al., 2003; Magnani et al.,
2015; Soliman et al., 2009; Weinsaft et al., 2014).
Definite ARVC patients displayed longer PR intervals
than non-definite patients and control subjects, suggesting
attenuated conduction of the atrioventricular node. In line
with our results, Baturova et al. (2021) found evidence
for ARVC disease progression to be paralleled by changes
in the P wave area. Generally, this study supports the
notion of progressive atrial conduction disturbances with
the progression of ARVC.

5α-Dihydrotestosterone exposure interacts with
plakoglobin deficiency, leading to atrial electrical
dysfunction

Although commonly performed in doping, systematic
observation of androgen level elevation is difficult because
it is not often disclosed. Owing to the secretive or
amateur nature of external AAS doping, doses and
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Figure 8. Sodium channel clusters in left atrial cardiomyocytes
A, brightfield images of fixed atrial cardiomyocytes before dSTORM recording (top row), reconstructed
super-resolution images of membrane NaV1.5 and high-magnification views of the indicated area (middle row),
with corresponding cluster maps generated from binary images (bottom row). Detections allocated to a cluster
appear in (arbitrary) colour; non-clustered detections remain black. Scale bars are 20 μm, and 1.5 μm for
high-magnification images, respectively. B and C, genotype have a significant effect on the number of NaV1.5
detections at the atrial cardiomyocyte membrane (B) and the fraction of NaV1.5 detections allocated to a cluster
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20 L. C. Sommerfeld and others J Physiol 0.0

(C) (two-way ANOVA, P < 0.05). Both the number and fraction of clustered membrane NaV1.5 are significantly
reduced in cardiomyocytes from Plako+/− DHT. Results from post hoc Student’s unpaired t tests are reported on
the graphs. For B and C, WT Ctr, n = 38 cells, N = 7 atria; WT DHT, n = 35/36 cells, N = 11 atria; Plako+/− Ctr,
n = 20 cells, N = 5 atria; and Plako+/− DHT, n = 28 cells, N = 6 atria. Data points were normalized to the mean
of the respective WT Ctr group in the same imaging session. D, relative frequency of NaV1.5 cluster densities
[number of detections per naonometre squared cluster area in WT Ctr LA cardiomyocytes (n = 38 cells, N = 7
LA)]. Abbreviations: Ctr, control; DHT, 5α-dihydrotestosterone; dSTORM, direct stochastic optical reconstruction
microscopy; LA, left atrium; WT, wildtype.

plasma concentrations in humans are often unknown,
but are thought to be several orders of magnitude higher
than physiological levels (Vanberg & Atar, 2010). Within
putatively physiological levels, Akdis et al. (2017) reported
the mean total testosterone levels in male ARVC patients
with adverse events to be approximately twice as high
compared with ARVC patients with a favourable outcome
(20 vs. 10 nmol/L, respectively).
Murine models represent a unique tool to study

molecular mechanisms of elevated androgen levels in
desmosomal vulnerability, including early stages of the
disease, i.e. even before a clinical phenotype manifests.
We show that chronic DHT exposure prolongs the

PR interval and P wave duration and slows conduction
in the murine Plako+/− atria. Conduction slowing is a
common feature of heart rhythm disorders, including AF,
by permitting both micro and macro re-entry (Kirchhof,
2017).
Given that no reduction in connexin expression

could be observed here, conduction slowing caused
by DHT was probably mediated by locally reduced
availability of sodium channels. A key determinant of
conduction velocity is the magnitude of depolarizing

current, primarily carried by Na+ through NaV1.5
channels (Heijman et al., 2018). The reduction in the
atrial action potential amplitude and dV/dtmax suggests
that the decrease in sodium current is sufficient to
lower both the magnitude and rate of depolarization, key
contributors to cardiac conduction velocity. A delay of
sodium current recovery times, as observed in Plako+/−
DHT-treated cardiomyocytes, becomes more physio-
logically relevant at higher pacing frequencies. The
reduced availability of NaV1.5 channels in cells already
operating without a sufficient ‘conduction reserve’ (van
Rijen et al., 2005; van Rijen & de Bakker, 2007) is
likely to cause more pronounced conduction slowing and
beat-to-beat variability, as observed at the higher pacing
frequencies in our experiments.

5α-Dihydrotestosterone exposure elicits subtle
hypertrophy in atria

Although this is the first study showing the molecular
effect on atria, it has been demonstrated previously
that androgens, including DHT, induce a hypertrophic
response in ventricular cardiomyocytes (Marsh et al.,

Table 3. Male sex and prevalence of atrial fibrillation (atrial arrhythmia) in arrhythmogenic right ventricular cardiomyopathy patients

Study
Number of
patients

Age [years; mean ± SD
(range)]

Male sex
(%)

AA prevalence
(%)

Patients with AA; male
(%)

Tonet et al. (1991) 72 38 (16–73) 76 24 n.r.
Jaoude et al. (1996) 74 37.2 ± 13.5 (11–68) 85 4 n.r.
Brembilla-Perrot et al. (1998) 47 44 ± 18 (17–72) 70 17 63
Peters et al. (2004) 80 45.9 (22–91) 56 30 n.r.
Chu et al. (2010) 36 47 (17–80) 78 42 80
Camm et al. (2013) 248 41.6 ± 14 53 14 69
Saguner et al. (2014) 90 49.7 ± 14.6 63 20 61
Wu et al. (2016) 294 37.7 ± 14.8 75 13 62
Bourfiss et al. (2016) 66 46.4 ± 15.8 58 21 79
Mazzanti et al. (2016) 301 38 ± 18 58 4 n.r.
Gilljam et al. (2018) 183 Median 46 (14–65) 67 9 n.r.
Wu et al. (2018) 100 37.1 ± 12.1 78 9 n.r.
Mussigbrodt et al. (2018) 70 53.2 ± 14.0 69 37 62
Cardona-Guarache et al. (2019) 117 52 ± 14 60 22 69
Kikuchi et al. (2020) 90 44 ± 15 77 36 78
Baturova et al. (2021) 100 41 (30–55) 66 28 n.r.

� Range of means: Weighted mean:
1968 37.1–53.2 years 66 16

Abbreviations: AA, atrial arrhythmia; n.r., not reported.
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1998). One of the genes consistently elevated in atrial
expression after DHT exposure was insulin growth factor
1 (Igf1), a known driver of (cardiac) muscle growth (Kim
et al., 2008; Weeks et al., 2017). Igf1 mRNA expression
was also found to contribute to atrial fibrotic remodelling
and AF inducibility in a rodent model (Wang et al., 2019).
IGF1, containing an androgen response element within its
promoter region (Wu et al., 2007), is a well-established
target of androgen receptor-mediated gene activation.
To our knowledge, we are the first to show that a
supraphysiological plasmaDHTconcentration can induce
upregulation of Igf1 transcript levels in atria. Further
evidence of the pro-hypertrophic atrial gene response to
DHT exposure can be based on the downregulation of the
lncRNA myosin heavy chain-associated RNA transcript
(Mhrt). Repression of Mhrt expression has previously
been established as a prerequisite for stress-induced,
pathological cardiac hypertrophy, and restoration ofMhrt
expression levels protected murine hearts from pressure
overload-induced hypertrophy (Han et al., 2014). Mhrt
has been shown to inhibit expression of the transcription
factormyocardin (Myocd) (Luo et al., 2018), and increased
Myocd expression in peripheral blood cells of patients
has been associated with increased ventricular mass
(Kontaraki et al., 2007). In accordance with this, down-
regulation of Mhrt expression upon DHT exposure was
paralleled by upregulation ofMyocd expression compared
with control groups. Given that there was no significant
increase in atrial cell diameter in histology at the
investigated time point but increased cell capacitance in
atrial cardiomyocytes, atrial area dilatation and increased
atrial gravimetry, we propose that the atrial hypertrophic
growth response to DHT seen is of an eccentric nature.

Our study demonstrates that the combination of
a pro-hypertrophic, pro-inflammatory and pro-fibrotic
environment caused by DHT combined with the selective
reduction in INa in Plako+/− cardiomyocytes is sufficient
to induce conduction slowing and increased beat-to-beat
heterogeneity in these vulnerable atria.

Reduced plakoglobin decreases atrial NaV1.5 cluster
availability at the membrane in response to
pro-hypertrophic DHT exposure

Super-resolution imaging and electrophysiological
techniques suggest that NaV1.5 spatial sarcolemmal
localization is not random but rather characterized
by formation of distinct clusters (Bhargava et al., 2013;
Leo-Macias et al., 2016). To our knowledge, this is
the first study to evaluate the molecular arrangement
of sarcolemma-localized NaV1.5 channels in atria
through the use of dSTORM to allow for visualization at
nanometre resolution (localization accuracy estimated
to be within 20–30 nm). The values we can estimate for

next-neighbour distance, calculated from cluster density
in WT cells, are slightly lower than those reported using
similar super-resolution methods in ventricular cardiac
myocytes (Leo-Macias et al., 2016), suggesting slightly
higher cluster densities in atrial cardiomyocytes.
The number of plasma membrane-localized NaV1.5

detections was reduced in atrial cardiomyocytes obtained
from Plako+/− DHT and showed a similar trend in
Plako+/− control. This implies that the reduced INa
density following DHT exposure in Plako+/− left atria was
attributable to a reduced number of membrane NaV1.5
channels and/or defective cluster availability.
A link between plakoglobin and NaV1.5 channel

incorporation/trafficking into the cell membrane at the
intercalated disc has been reported in ventricles (Asimaki
et al., 2014; Noorman et al., 2013). Interactions of
desmosomal and intercalated disc proteins with the
sodium channel complex have been demonstrated in
ventricles previously (Rizzo et al., 2012), and loss or
mutations of the desmosomal components plakophilin-2
and desmoglein-2 were associated with reduced cardiac
(ventricular) sodium current in different cell and murine
models (Cerrone et al., 2014; Rizzo et al., 2012; Sato et al.,
2009).
Although this report is the first to demonstrate altered

sodium channel expression upon androgenic steroid
challenge in cardiomyocytes, steroid hormones have
known effects on neuronal sodium channel expression
(Borner et al., 2006), and androgenic steroids have
non-genomic effects on calcium signalling (Vicencio
et al., 2011). Our key finding of altered sodium channel
clustering suggests a direct involvement of vulnerable
desmosomes rather than a genomic effect of androgenic
steroids. Future studies might determine whether the
altered sodium channel clustering is attributable to a
non-genomic direct effect of DHT or to an increased
vulnerability to increased volume load and hypertrophic
stimuli induced by steroid exposure.
A mismatch in cell size caused by hypertrophic

stimuli, such as androgenic steroid exposure, and NaV1.5
cluster availability could have implications for other
cardiomyopathies and forms of pathological hypertrophy
(Hofmann et al., 2012; Wagner et al., 2006). The
understanding of the role of ion channel subcellular
localization, especially cluster properties, is in its infancy
(Marchal & Remme, 2022), but our observations are
consistent with other recent studies reporting a reduced
INa in response to changes in single-molecule NaV1.5
organization (Agullo-Pascual et al., 2014; te Riele et al.,
2017).

Limitations

Although we show a reduction in NaV1.5 function
(INa) and in NaV1.5 clustering at the membrane when
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plakoglobin deficiency and AAS are combined, the factors
directly linking them and other desmosomal proteins
deserve further study. We targeted the sodium channel
because this was most promising regarding the functional
changes seen. The effects of AAS on calcium handling will
be worth exploring, particularly in ARVC models with
an established disturbance in calcium signalling (Kim,
Perez-Hernandez, et al., 2019; van Opbergen et al., 2019).
Androgenic anabolic steroid users are more likely to

participate in high levels of exercise. These might enhance
or reverse the effects of androgenic steroids. Although
metabolic effects of DHT on, for example, lipids could be
reversed, in part, by exercise, effects on cardiac electro-
physiology are likely to be multiplied, taking into account
that high levels of exercise have been shown to lead to
earlier manifestation and disease progression in ARVC
(James et al., 2013; Kirchhof et al., 2006) and AF (Benito
et al., 2011; Guasch et al., 2013). A wide variety of anabolic
steroid substances are commonly used by athletes, and
some might have different effects on the pathways studied
here.
In the patients and in the murine models studied,

left ventricular function was sustained. We cannot rule
out atrial remodelling secondary to left ventricular
hypertrophy in the AAS-exposed mice with plakoglobin
deficiency.
Only a small proportion of ARVC patients carry

plakoglobin variants, and studies in other models should
be performed. The Plako+/− model was chosen because
it causes an ARVC phenotype but lacks ventricular
remodelling at the age studied here, enabling the study
of atrial effects without interference by ventricular
dysfunction or heart failure. Additionally, plakoglobin
reduction is found in hearts of patients with ARVC
carrying different mutations (Asimaki et al., 2009) and
can therefore be considered as a common pathway
contributing to ARVC.
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Translational perspective

Our results show that atrial arrhythmias are an important clinical feature of arrhythmogenic right ventricular
cardiomyopathy (ARVC) and confirm that males are more likely to show a full ARVC phenotype. We
demonstrate a previously unknown interaction between defective desmosomal gene expression and exposure
to androgenic anabolic steroids (AAS) in atria. This might explain, in part, the occurrence of atrial conduction
slowing and arrhythmias (Akcakoyun et al., 2014; Furlanello et al., 2007; Nieschlag & Vorona, 2015) in athletes
using AAS to enhance their performance. Based on our results, searching for desmosomal gene defects in known
steroid users with atrial arrhythmias seems warranted. Such analyses might add to a better understanding of the
cardiac damage observed in some of these patients.

Our data, gained from well-controlled murine experiments, demonstrate that reduced expression of
plakoglobin, as commonly observed in cardiac tissue of patients with pathogenic mutations in a variety of
desmosomal genes (Asimaki et al., 2009), renders atria more susceptible to AAS-induced pathology. Prevention
of atrial arrhythmias in arrhythmogenic cardiomyopathies is also of interest because they can give rise to
inappropriate defibrillator shocks in affected patients (Camm et al., 2013; Takehara et al., 2004) and further
compromise heart function.

We add exposure to AAS to the list of stimuli aggravating pro-arrhythmic phenotypes in carriers of
desmosomal mutations and demonstrate that this affects atrial electrical function. Our data provide an
explanation for the stronger phenotypic expression in male gene carriers with desmosomal mutations and the
observed worse clinical outcome in ARVC patients with high physiological testosterone levels (Akdis et al., 2017;
Antoniades et al., 2006; Asimaki et al., 2007; McKoy et al., 2000; Protonotarios et al., 2001).
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