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Abstract Arrhythmogenic cardiomyopathy (ACM) is a life-threatening cardiac disease caused by mutations in genes predomi-
nantly encoding for desmosomal proteins that lead to alterations in the molecular composition of the intercalated
disc. ACM is characterized by progressive replacement of cardiomyocytes by fibrofatty tissue, ventricular dilatation,
cardiac dysfunction, and heart failure but mostly dominated by the occurrence of life-threatening arrhythmias and
sudden cardiac death (SCD). As SCD appears mostly in apparently healthy young individuals, there is a demand for
better risk stratification of suspected ACM mutation carriers. Moreover, disease severity, progression, and outcome
are highly variable in patients with ACM. In this review, we discuss the aetiology of ACM with a focus on pro-
arrhythmic disease mechanisms in the early concealed phase of the disease. We summarize potential new bio-
markers which might be useful for risk stratification and prediction of disease course. Finally, we explore novel
therapeutic strategies to prevent arrhythmias and SCD in the early stages of ACM.
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This article is part of the Spotlight Issue on Inherited Conditions of Arrhythmia.

1. Introduction

Electromechanical coupling that drives contraction of the heart relies on
the (most often) happy marriage between two fundamental physiological
principles: formation and propagation of the electrical impulse and
calcium-mediated mechanical performance. These two principles allow
the heart to contract in a highly coordinated spatiotemporal fashion for
about 100 000 times a day, at least in humans under baseline conditions.
For a long time, scientists were mesmerized by the question of how the
individual activity of numerous tiny cardiomyocytes could result in such
an impressive performance of the heart. When microscopy started to
feed anatomical knowledge up to the resolution of individual cells, a large
step forward was made in understanding the cellular basis of excitation–
contraction coupling. At the longitudinal cell edges of individual cardio-
myocytes, structures were discovered that appeared to interconnect
cardiomyocytes. Further progression in the fields of cell biology,

physiology, and molecular biology has resulted in our current knowledge
of those structures, now known as intercalated discs (IDs).

IDs consist of several components that facilitate the generation of the
electrical impulse (sodium channels), intercellular impulse propagation
(mediated by gap junctions), and provide mechanical integration (medi-
ated by adherens junctions and desmosomes). Based on their initially
detected subcellular separation within the ID, for long it was assumed
that these components functioned independently. In the last decade,
however, research has uncovered several modes of interaction between
these entities which has led to the concept that the ID is actually one
large macromolecular network of interacting proteins.1 The importance
of proper composition of this ID protein complex has become evident
from the observation that alterations in one or more components com-
monly occur during various forms of myocardial disease.1,2 ID abnormali-
ties particularly occur in the setting of arrhythmogenic cardiomyopathy
(ACM), a life-threatening cardiac disease caused by mutations in genes
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that predominantly encode for desmosomal proteins.1 The disease is a
familial disorder, characterized by progressive replacement of cardio-
myocytes by fibrofatty tissue and the occurrence of life-threatening
arrhythmias and sudden cardiac death (SCD), primarily in young and ap-
parently healthy individuals. However, disease severity, progression, and
outcome are highly variable in patients with ACM. The disease may lead
to progressive signs of heart failure (HF) in some, while in others the first
sign of disease consists of life-threatening arrhythmias and SCD during
the very early stages of the disease; other patients may even remain rela-
tively unaffected.3,4 Mainly based on histological manifestations, initially
the disease was described having a predominantly right ventricular (RV)
involvement and a left ventricular (LV) deterioration in a later stage,
which explains the classical name of arrhythmogenic right ventricular
cardiomyopathy/dysplasia (ARVC/D).2 However, by now it is recognized
that the disease can also have a primary LV dominance or even a biven-
tricular phenotype, which has led to the introduction of the name
ACM.4 Despite recent progress, reliable genetic, molecular, or clinical
risk stratification options has proven cumbersome, making it virtually im-
possible to predict who is most at risk for SCD.

Desmosomes form intercellular junctions at the boundaries of IDs
between neighbouring cardiomyocytes and consist of multiprotein com-
plexes composed of desmosomal cadherins (desmogleins and desmocol-
lins) and desmosomal plaque proteins (desmoplakin, plakoglobin,
plakophilin) (Figure 1). Desmogleins and desmocollins mediate cell-to-cell
adhesion through extracellular interaction between adjacent cardiomyo-
cytes, and intracellular connections to desmoplakin, which is mediated by
plakoglobin and plakophilin.1,5 Desmoplakin, in turn, anchors to compo-
nents of the cytoskeleton such as desmin, thus forming a desmosome–in-
termediate filament complex, which not only allows functional
communication between adjacent cells but also provides scaffolding for
tissue integrity. Desmosomes have ‘hyper-adhesiveness’ properties,
which refers to the fact that desmosomes can adopt a stronger adhesive
state which is calcium-independent.6,7 In principle, calcium is required to
form the interaction between cell adhesion molecules, however, after ini-
tial desmosome assembly, adhesion becomes calcium-independent. This
hyper-adhesiveness of desmosomes is considered essential for its protec-
tive role in preventing myocyte disruption during mechanical stress.1,6

Disturbed desmosomal organization, as the result of mutations in genes
that encode proteins which constitute the desmosomes, is thought to
trigger myocardial fibrosis formation, fibrofatty replacement, and cardiac
dilation, the classical histopathological pattern of ACM in advanced stages
of the disease, setting the stage for the development of HF and arrhyth-
mias.3,5,8 However, arrhythmias and SCD also often occur early in the
disease process, prior to the development of overt cardiomyopathic
alterations. Animal studies have enabled investigation of disease onset
and progression in terms of electrical vs. structural changes (and their in-
terrelation) and have provided insight into some of the underlying disease
mechanisms.9,10 The clinical relevance of these early electrical alterations
is still incompletely known given the fact that the experimental models
most often recapitulate only some aspects of the findings in patients.
Moreover, availability of patient cardiac tissue is scarce and primarily lim-
ited to end-stage remodelled hearts, while tissue from the early disease
stage is generally lacking or only present in the form of tiny biopsies that
might not be representative for the overall degree of maladaptive remod-
elling. Hence, new strategies are required for the identification of individ-
uals who are at highest risk, as well as novel approaches for prevention
and treatment of this early electrical remodelling in ACM.

Here, we provide a general overview of the aetiology of ACM, its clini-
cal and histopathological characteristics, disease progression and

outcome, and therapeutic considerations. We summarize insight into
ACM pathogenesis obtained from studies in animal and cellular models
as well as the available clinical information, focusing in particular on
pro-arrhythmic disease mechanisms in the early concealed phase of the
disease before the onset of structural pathology. In addition, we explore
novel opportunities for risk stratification, prevention and therapy of
arrhythmias and SCD in the early disease stages of ACM.

2. ACM: prevalence and genetics

The prevalence of ACM is estimated between 1:1000 and 1:50003,4,8

depending on geographical differences. Athletes with a genetic predispo-
sition for ACM are particularly at risk for developing the disease; for in-
stance, ACM is believed to be responsible for up to 20% of all SCD cases
in athletes within the Veneto region of Italy.11 In addition, there is a male
predominance of the disease, which suggests the influence of sex hor-
mones (addressed in more detail below).8,12,13 Nearly 60% of ACM
patients harbour one or even more mutations in genes encoding for ma-
jor components of the cardiac desmosomes, including plakoglobin (JUP),
desmoplakin (DSP), plakophilin-2 (PKP2), desmoglein-2 (DSG2), and
desmocollin-2 (DSC2). Mutations in PKP2 are most commonly found in
ACM patients in North America and Europe.2,4 In rare instances, homo-
zygous JUP and DSP mutations are associated with ACM-affiliated disease
like Naxos disease and Carvajal syndrome, both characterized by an ad-
ditional presence of extra-cardiac abnormalities in hair and skin. In addi-
tion, mutations in genes encoding non-desmosomal proteins have been
associated with ACM, including phospholamban (PLN), the cardiac rya-
nodine receptor (RYR2), transforming growth factor (TGF-b3), trans-
membrane protein-43 (TMEM43), and the cardiac sodium channel
(SCN5A).8,14,15 The genetic trait of ACM inheritance is mainly an autoso-
mal dominant, but genetic screening is hampered by the presence of in-
complete disease penetrance, variable expressivity, and the presence of
multiple, potentially pathogenic mutations in one or more genes in one
individual suffering from ACM (i.e. compound and digenic heterozygou-
sity). A study of Carruth et al.16 determined that the presence of ACM
loss-of-function variants is approximately 1:435 in a predominantly
European population without a clinical diagnosis of ACM. This finding
indicates a low penetrance of pathogenic variants in a healthy population.
Some of these genotype positive individuals met a part of the criteria de-
scribed in the Task Force Criteria (TFC, see below) such as T-wave
inversions and ventricular dysfunction, however, a comparable rate of
these abnormalities was also observed in the control cohort of individu-
als without any known pathogenic variants.16 Nevertheless, genetic diag-
nosis is essential since a study by Cox et al.17 shows that asymptomatic
mutation-carrying relatives have a six-fold increased risk of developing
ACM compared to relatives of a proband without a genetic mutation.

3. Clinical presentation, diagnosis,
disease progression, and
management

3.1 Clinical presentation and disease
progression
Affected ACM patients typically present between the ages of 13 and 40
with palpitations, pre-syncope, syncope, or SCD. Three phases have
been described in ACM progression: (i) an early, pre-clinical phase, in

1572 S.M. van der Voorn et al.
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..which patients are asymptomatic and subtle ventricular abnormalities
[electrocardiogram (ECG) changes including T-wave inversions] may go
unnoticed if there is not a high index of suspicion; (ii) an overt phase, in
which symptoms of ventricular arrhythmias (VA) develop; and (iii) a pro-
gressive phase, leading to biventricular HF with fluid overload and symp-
toms of congestion (ascites, oedema, and dyspnoea).18 Figure 2 provides
an overview of the characteristics during those different phases when re-
capitulated in an experimental mouse model of ACM.9 Electrical distur-
bances with regard to impulse generation and propagation may lead to
SCD at any time during the disease course, with some reports stating
that up to 50% of cases present with SCD.19 Importantly, this also
includes the pre-clinical phase in which arrhythmias and/or SCD unfortu-
nately are most often the first expressions of the disease.20 As a result,
many studies have attempted to define clinical features that determine
an early arrhythmic risk. This has resulted in a large body of literature

with potential arrhythmic markers, which include (but are not limited to)
depolarization delay, cardiac syncope, premature ventricular complex
(PVC) frequency, feature tracking, deformation imaging, and bio-
markers.21 Of note, arrhythmic presentation is not uniform: a study by
Bhonsale et al.4 has shown that presentation with ventricular fibrillation
(VF) or SCD occurs at a significantly younger age than presentation with
haemodynamically stable ventricular tachycardia (VT). This was con-
firmed by a study from Te Riele et al.14,22 showing that paediatric ACM
patients more often present with SCD than adult ACM subjects. These
insights have led to the current hypothesis that arrhythmias in the early
stage of ACM are mostly the consequence of remodelling of the ID and
myocyte death/inflammation, whereas arrhythmogenesis in late-staged
ACM is additionally promoted by the presence of tissue scarring and
fibrofatty replacement, which sets the stage for re-entrant arrhythmias
(discussed in more detail below).23

Figure 1 Schematic representation of the desmosomal protein complex at the intercalated disc and the molecular links to other associated protein com-
plexes. AJ, adherens junction; AnkG, ankyrin G; aT-cat, alpha-catenin; b-cat, beta-catenin; Cx43, connexin43; DSC2, desmocollin-2; DSG2, desmoglein-2;
DSP, desmoplakin; IF, intermediate filaments; N-cad, N-cadherin; PG, plakoglobin/gamma-catenin; PKP2, plakophilin-2.

Arrhythmogenic cardiomyopathy 1573
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3.2 Diagnosis of ACM
As the name ACM implies, the phenotype is determined by the presence
of both an abnormal electrical (arrhythmogenic) and structural (cardio-
myopathy) substrate. Unfortunately, no single test is sufficiently sensitive
and specific to serve as the gold standard test for ACM evaluation.
Therefore, a subset of specific criteria have been developed for ACM di-
agnosis.24 Definite ACM diagnosis is based on the consensus-based 2010
TFC, which include major and minor criteria in six categories (depolari-
zation and repolarization abnormalities, arrhythmia, imaging, histology,
and family history/genetics).25 Among these, repolarization abnormalities
(T-wave inversion in the precordial leads) constitute the most com-
monly observed TFC, followed by frequent PVCs. With regards to imag-
ing techniques, both the presence of wall motion abnormalities and an
abnormal ventricular volume or function are required for TFC fulfilment.
Definite ACM consists of two major criteria or one major and two mi-
nor criteria or four minor criteria from different categories. Borderline
ACM consists of one major and one minor criterion or three minor cri-
teria from different categories. Diagnosis of possible ACM consists of
one major or two minor criteria from different categories. Since a com-
prehensive diagnostic evaluation for ACM is complex and time-
consuming, several reports have called for a revision of the TFC.26 Until
then, the 2010 TFC remain relevant.

3.3 Histopathological features of ACM
Histologically, ACM is classically reported as characterized by the re-
placement of the ventricular myocardium by fibrofatty tissue. However,
clinical–pathological correlations in probands or family members with a
positive genotype led to the concept of a myocardial disease with a dy-
namic phenotype and a variable penetrance, which is not only age-
related but also influenced by external triggers or other modifiers
(Figure 2). Thus, the fibrofatty tissue in the ventricular myocardium can
be considered the typical substrate of late or ‘overt’ stages of the disease
phenotype. A second histopathological observation is the presence of in-
flammatory cells, which have been reported in 60–80% of post-mortem/
transplant cardiac specimens and mostly consist of T lymphocytes in the

areas of fibrofatty replacement, but include also polymorphous cells in
the acute stages.27 Further histological abnormalities include cardiac
myocyte hypertrophy, vacuolization, and dysmetric and dysmorphic
nuclei (the so-called ‘cardiomyopathic changes’).27,28 These histopatho-
logical changes usually start from the epicardium and extend towards
the endocardium. Eventually changes become transmural, particularly in
the RV free wall, often but not necessarily with wall thinning and aneu-
rysm formation. The presence of a transmural involvement in the RV
free wall is a common finding but it is not required to reach the final diag-
nosis of ACM. Aneurysms, whether single or multiple, are predominantly
located in the inflow tract and outflow tract of the RV.28 Marcus et al.25

initially described a ‘triangle of dysplasia’ which involved the inflow tract,
the outflow tract, and the RV apex. It has been shown (Te Riele et al.29)
that the apex is only involved in ACM in the late stage and the correct
third leg of the triangle is the posterolateral LV. An LV involvement has
been reported in series addressing the typical RV variants of ACM, with
up to 50–76% of the ACM hearts studied at post-mortem disclosing
alterations in the LV.27,30 In recent years, genotype–phenotype correla-
tion studies led to the awareness that left dominant or even isolated LV
forms of ACM do exist. When the LV is affected, the fibrofatty (mostly fi-
brous) infiltration is usually limited to the subepicardium or mid-mural
layers of the free wall, with the region most often involved being the pos-
terolateral one.29,30 As compared to the RV, transmurality and wall thin-
ning in the LV (with or without aneurysm formation) are exceptional.
The ventricular septum is rarely involved but if so, usually this occurs on
the right side. In the advanced stages of the disease phenotype, the path-
ological spectrum of ACM ranges from grossly normal hearts, in whom
only a careful histopathological investigation can reveal the structural
alterations of fibrofatty replacement, to the most frequent feature of
massive biventricular disease with aneurysms and chamber dilatation.
Interestingly, histological evaluation of hearts of ACM patients upon
transplantation or autopsy revealed distinct patterns of fibrosis and fat in
patients with a desmosomal or PLN mutation compared to patients with
mutations in Lamin A/C (LMNA), and in genes encoding proteins in the
desmin filament network and sarcomeres, leading to dilated cardiomy-
opathy (DCM) and hypertrophic cardiomyopathy (HCM). Fibrofatty

Figure 2 Overview of the different stages in disease progression with emphasis on structural remodelling, the involved processes, and the consequences
for arrhythmogenic risk. Morphological illustrations represent the different stages in cardiac remodelling as observed in an experimental mouse model of
ACM.9 Permissions received.
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replacement in ACM hearts was predominantly observed in the RV epi-
cardium and in the posterolateral region of the LV. In addition, PLN
patients showed more fibrosis in LV than patients with a desmosomal
mutation with exception of those with a mutation in DSP.31

3.4 Management strategies
To date, there is no curative treatment for ACM. Therefore, current
management strategies focus on attenuating symptoms, slowing disease
progression, and preventing SCD.24 Affected patients in all stages of dis-
ease should be managed by lifestyle interventions (i.e. exercise restric-
tion). In the overt disease stage, drug treatment (beta-blockers and Class
III antiarrhythmics) is often added to the management regimen. In late-
stage disease, treatment for HF (most commonly diuretics) and ulti-
mately heart transplantation are among the treatment options. Given
the complexity with tailoring disease management, it is recommended
that treatment takes place in tertiary care centres with extensive experi-
ence managing ACM patients. While the use of antiarrhythmic medica-
tion has shown to reduce arrhythmia burden, studies have failed to show
a survival benefit.32,33 In contrast, the only intervention that has been
proven to improve survival is administration of an implantable
cardioverter-defibrillator (ICD).20 For that, accurate patient selection is
important, as ICD implantation is invasive and not free of complications.
A recent transatlantic initiative aimed to improve ICD patient selection
criteria by developing a prediction model for VA in ACM,34 which is
available online at www.arvcrisk.com. In this model, seven pre-specified
predictors (age, sex, prior non-sustained VT, syncope, PVC count, num-
ber of leads with T-wave inversion, and RV ejection fraction) are inte-
grated to predict sustained VA with good accuracy (C-statistic 0.77,
calibration slope 0.93). While these results are encouraging, true advan-
ces and potentially curative treatment strategies will only be possible by
the development of strategies that limit electrical and structural remod-
elling. In particular, the identification of disease pathways involved in the
early pre-clinical phase will enable future development of novel strate-
gies for the identification of affected individuals at high risk for SCD, as
well as improved therapeutic approaches to prevent disease
progression.

4. Determinants and modifiers of
ACM disease severity and SCD risk

4.1 Differential impact of desmosomal
genes/proteins on disease severity and
outcome
The impact of mutations in different desmosomal genes on disease se-
verity and outcome is difficult to determine. Nevertheless, this has partly
been evaluated in a large cohort from the John Hopkins/Dutch registry.14

Overall, SCD occurred in 3% of all patients within the registry in a mean
follow-up of 6 ± 7 years, and SCD risk was highest in patients with a DSP
mutation (11%). DSP mutations were also more frequently associated
with LV dysfunction (40%) and HF (13%) compared to PKP2 mutations.14

Patients with a mutation in PLN and a diagnosis of ACM were significantly
older at the time of their first symptoms (40 years) and first episode of
sustained VT/VF (42 years) as compared to PKP2 patients (30 and 35
years, respectively). However, PLN patients had a worse clinical course,
more often developing LV dysfunction and HF. Ageing affects the ar-
rhythmic event-free survival of the disease, as only 42% were
arrhythmia-free at the age of 60, while this was 66% at 40 years of age.

Missense mutations were less common to give rise to SCD, although
missense mutation carriers had similar death/transplant-free survival and
VT/VF penetrance as compared to those with truncating or splice-site
mutations. As expected, mutations in more than one gene accelerated
both the onset of symptoms (23 years) and the first sustained VT/VF
(25 years). Only 4% (n = 22) of the studied group presented with multi-
ple mutations and had a significantly earlier occurrence of sustained VT/
VF (mean age 28 ± 12 years), lower VT/VF-free survival (P = 0.037),
more frequent LV dysfunction (29%), HF (19%), and cardiac transplanta-
tion (9%) as compared to those with only one mutation.14

4.2 Impact of exercise on disease
progression
While pathogenic mutations predispose for ACM development, envi-
ronmental factors modify disease onset and progression, as demon-
strated by comparing monozygotic twins. A case has been reported
where only one twin brother had rhythm disturbances, while the other
brother was asymptomatic despite the fact that both brothers were
raised under almost identical conditions. However, the symptomatic
brother with rhythm disturbances had a history of intensive exercise,
while his twin brother did not participate in sports.35 In another case re-
port of monozygotic twin brothers (age 12), only one suffered from pal-
pitations and syncope, while the other brother was asymptomatic,
indicating a role for environmental factors in ACM.36 The modulatory
impact of exercise has been confirmed in studies on genetically predis-
posed ACM patients. Again, endurance sports activities were found to
increase the risk of SCD and to stimulate earlier expression of the dis-
ease, as competitive athletics with a genetic predisposition for ACM had
a five-fold increased risk of SCD compared to non-athletes.13,15 Thus,
for ACM patients exercise is an important risk factor for earlier presen-
tation of symptoms and promotion of disease progression, enhancing
the propensity for VA and HF.11 As such, discontinuation of sports activi-
ties after diagnosis of ACM is considered an important intervention to
modify the clinical course of disease.15 Mechanistically, exercise is sug-
gested to augment ACM disease expression by further weakening the al-
ready stressed intercellular connections (resulting from the mutation)
between adjacent cardiomyocytes. However, experimental proof for
this hypothesis is still scarce as exercise training in mouse models only
sparely recapitulates the findings in patients.37 Moreover, this interpreta-
tion was recently questioned in data obtained from an experimental
mouse model which even showed beneficial effects of treadmill exercise
in conditional heterozygous cardiac Dsp knockout mice. In this model,
heterozygousity of Dsp resulted in dysregulation of 800 genes, including
genes involved in endothelial mesenchymal transition (EMT) activation,
inflammation, and suppression of oxidative phosphorylation of cardio-
myocytes. Although fibrosis formation and cardiac systolic dysfunction
were not rescued by daily treadmill exercise for 3 months, this restored
roughly two-third of the dysregulated genes.38 Again this study examples
the difficulty in extrapolating data from experimental models to findings
in patients.

4.3 Gender and pregnancy
The male predominance in disease onset and severity indicates a poten-
tial role for sex hormones in ACM.12,39 Akdis et al.12 found correlations
of high testosterone with the development of major arrhythmic cardio-
vascular events in males, whereas low oestradiol levels increased the risk
of a major arrhythmic cardiovascular event in female ACM patients. In
human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
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.
CMs) obtained from an ACM patient, testosterone increased cardio-
myocyte apoptosis and lipogenesis, while addition of oestradiol reduced
this.12 One would think that pregnancy has an important influence on
ACM development: not only through the effect of sex hormones but
also through the haemodynamic stresses that are placed on the pregnant
body. Hodes et al.40 studied 39 singleton pregnancies of whom five were
complicated by VA and two by new-onset HF. Reassuringly, no detri-
mental (long-term) effects on foetuses/newborns were observed, and
no difference was observed in disease course and outcomes when com-
paring this cohort to a similar cohort of women of childbearing age.
Castrini et al.41 similarly found that pregnancy had no effect on LV or RV
function or VA in 43 definite ACM patients and 34 mutation carriers. A
retrospective study of Gandjbakhch et al.42 revealed that in DCM and
HCM patients, the risk of experiencing an adverse cardiac event during
pregnancy was higher than in ACM patients. In addition, they reported
no compromised haemodynamics or HF in ACM patients during preg-
nancy. In summation, these results suggest that pregnancy in ACM is gen-
erally tolerated well and does not lead to adverse long-term outcome.

5. Pathogenesis of ACM

The sequence of events in ACM, and underlying disease mechanisms and
pathways, from initial desmosomal dysorganization in the early disease
stage to the ultimate full-blown ACM phenotype in advanced stages has
partly been unravelled through studies in animal, and in vitro human dis-
ease models.

5.1 Remodelling at the ID: desmosomes,
gap junctions, and Nav1.5
Desmosomal rearrangement, with disruption of the interaction between
DSP and intermediate filaments, may lead to reduced cell adhesiveness
and ultimately result in cardiomyocyte damage secondary to the contin-
uous mechanical strain afforded by the contracting myocardium.
Although, as summarized below, an accumulating amount of morpholog-
ical, immunohistological, and cell culture data support the idea of re-
duced cell adhesiveness,43 direct proof in terms of strain measurements
is still lacking. In mice overexpressing the patient-specific Dsg2-N271S
mutation, one of the earliest pathological changes was a widening of the
ID intercellular space at the level of the desmosome/adherens junction
with focal lysis of the myofilaments, similar to observations made in tis-
sue from ACM patients.9,10 These findings and similar observations in
other Dsg2 and Pkp2 mouse models10 indicated that the ID widening
was likely the result of decreased adhesive intercellular interactions of
junctional cadherins. Another commonly observed feature in ACM
patients is reduced presence of plakoglobin at the ID, which indicates
that preserved localization of proteins within the ID depends on each
other.44–47 For other desmosomal proteins, such as PKP2 and DSP, this
reduction was only observed in some but not all patients.45 Interestingly,
one study showed that plakoglobin was decreased only in ACM patients,
while in patients with DCM, HCM or ischaemic heart disease plakoglobin
levels at the ID were similar to controls.45 Therefore, redistribution of
plakoglobin may be an early molecular event specifically seen in ACM,
and this has been linked to alterations in intracellular signalling pathways
(discussed in more detail below). Importantly, in order to distinguish
control from ACM patients, testing a broad dilution range of the plako-
globin antibody is required.48 Beyond the high sensitivity of plakoglobin
remodelling as documented in ACM, later studies in patients with affili-
ated diseases like sarcoidosis and giant cell myocarditis also showed

reduced signals for plakoglobin.49 Therefore, investigation of plakoglobin
labelling in cardiac tissue may be useful as an additional but not conclu-
sive test for ACM.

In addition to ID widening and alterations in desmosomal protein dis-
tribution, remodelling of gap junctions has been shown to occur in cardi-
omyocytes of ACM patients, in coherence with a reduced presence of
the cardiac sodium channel. In ACM patients, immunohistology revealed
that when plakoglobin protein was reduced at the ID, sodium channel
(Nav1.5), connexin43 gap junction protein (Cx43), or both were also af-
fected.50 Abnormal desmosomal composition, distribution, or function
directly interferes with gap junctions, leading to a depressed level of
Cx43 and consequently impaired electrical conduction.45–47,50

Furthermore, cell adhesion is essential for gap junction formation,51 and
PKP2 expression for normal intercellular communication through gap
junctions.52 Accordingly, a loss of gap junction plaques has been ob-
served in cardiac tissue from ACM patients.47 Cardiac sodium channels
also form part of this ID macromolecular complex, and its structural link
with the desmosomal protein complex may contribute to conduction
disturbances and arrhythmias in ACM. Indeed, Nav1.5 remodelling has
been observed in mouse, zebrafish, and hiPSC-CM models of ACM.10,53–

55 This remodelling may be the consequence of intercellular space wid-
ening leading to local disruption of the Nav1.5 macromolecular protein
complex, or alternatively due to a dysfunctional interaction between the
desmosomal complex and Nav1.5 independent of ID widening. The ob-
servation by Sato et al.56 that loss of PKP2 expression decreased sodium
current density in isolated rat ventricular cardiomyocytes (which lack
intercellular connections), is in favour of the latter, i.e. a direct impact of
desmosomal proteins on Nav1.5. Independent of the exact mechanisms,
reduced Nav1.5 levels lead to conduction abnormalities thereby setting
the stage for arrhythmias (see Section 6). Importantly, this Nav1.5
remodelling occurs already very early in the disease process, prior to the
development of cardiomyopathic changes and hence could theoretically
contribute to VA and SCD in the concealed stage of ACM.53 This, how-
ever, should be taken with some caution since no clinical case has been
reported so far of an individual carrying a pathogenic desmosomal gene
mutation suffering SCD in the absence of cardiac structural abnormali-
ties. Notably, not every case of SCD is routinely subjected to genetic
screening in combination with autopsy.

5.2 Cardiomyocyte loss, necrosis, and
apoptosis
Cardiomyocyte loss is another relatively early feature in the ACM dis-
ease process, which may be caused by a number of mechanisms including
apoptosis which has been described in ACM and may be the conse-
quence of disruption of intercellular cardiomyocyte adhesion.27,57

Apoptosis was a prominent feature reported in some ACM mouse mod-
els,58–60 whereas in contrast, studies in Dsg2-N271S transgenic mice
demonstrated that necrotic myocyte death and not apoptosis is the key
initiator of myocardial injury, subsequently triggering an inflammatory re-
sponse followed by fibrosis formation, myocardial atrophy, and dilation.9

Features of cardiomyocyte necrosis, i.e. sarcolemmal disruption, disag-
gregation of myofilaments, and mitochondrial swelling, preceded the de-
velopment of cardiac structural abnormalities, with myocyte necrosis
originating in the subepicardial myocardium. Apoptosis did not appear to
trigger disease onset since apoptotic cells were only observed in ad-
vanced stages of the disease, and particularly in fibrotic areas. While
these findings were in accordance with observations in cardiac tissue
from a patient carrying the DSG2-N266S mutation,9 myocyte necrotic
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cell death is not often reported in autopsy or endomyocardial biopsy
studies of human ACM. This may be due to the focal distribution and po-
tential episodic nature of necrosis during the various stages of disease; al-
ternatively, myocyte necrosis may not be a prominent pathogenic
feature in ACM. Nevertheless, cardiomyocyte loss in ACM invariably
contributes to reduced cardiac function and ventricular dilatation, irre-
spective of the underlying initiating event.

5.3 Adiposis and fibrofatty replacement
As the ACM disease process progresses, necrotic and apoptotic cardio-
myocytes are replaced by fibrosis due to the wound healing response in an
attempt to preserve structural integrity of the myocardium.61 Activation of
both the canonical TGF-b/SMAD262 and non-canonical TGF-b–Mitogen-
activated protein kinase (MAPK) signalling pathways63 is significantly rele-
vant for fibrosis formation in mouse and cardiomyocyte models of ACM.
At difference with other conditions associated with cardiomyocyte injury,
fibrosis formation in ACM is typically accompanied by fatty infiltration. The
mechanisms underlying this fibrofatty replacement are not well established,
in part due to the fact that mouse ACM models typically do not recapitu-
late the clear fatty infiltrations seen in human. Nevertheless, genetic lineage
tracing in mouse models suggests that cardiac progenitor cells derived
from the second heart field and a subset of mesenchymal progenitor-like
cells, referred to as fibroadipocyte progenitors, may differentiate into adi-
pocytes during the ACM disease process.64 In addition, several signalling
pathways have been implicated in ACM-related adipogenesis, including
Wnt, Hippo–Yes-associated protein (YAP), and peroxisome proliferator-
activated receptor-c (PPARc) signalling.

Within the Wnt/b-catenin signalling pathway, cytosolic b-catenin is
stabilized by Wnt ligand and able to translocate to the nucleus to modify
transcription, where it binds T cell factor/lymphoid enhancer factor
(TCF/LEF).1,63 Cytoplasmic b-catenin, a protein homologous to plako-
globin (c-catenin), is regulated by glycogen synthase kinase 3a/b
(GSK3a/b), axin, and the adenomatous polyposis coli (APC) degradation
complex to restrict activation of target genes. Loss of plakoglobin in
mice increased b-catenin expression both at the desmosome and in the
cytoplasm,63 whereas GSK3b is redistributed to the ID in human and
mouse ACM hearts.65 Moreover, plakoglobin not only serves as an im-
portant component of the desmosome but also competes upon nuclear
translocation with b-catenin to bind TCF/LEF, as was demonstrated in
Dsp-deficient mice. This resulted in suppression of Wnt signalling and ex-
pression of pro-adipogenic genes.62,66 When plakoglobin is mutated at
the ID, enhanced binding of b-catenin to LEF modulates transcription,
such as enhanced expression of c-MYC to establish hypertrophy of the
heart.1,63 Moreover, stabilization of b-catenin is a result of protein kinase
B (PKB/AKT) activation, affecting the activity of GSK3b and further sup-
porting expression of target genes of b-catenin.63 Overall, these findings
demonstrate a close interaction between desmosome (dys)function and
transcriptional regulation contributing to fibrosis and adipogenesis in the
setting of ACM. This was independently underscored in a recent study
employing RNASeq analysis in mice with inducible, cardiac-specific Pkp2
deficiency, where a large number of cardiac transcripts were found to be
differentially expressed.67 Interestingly, a number of genes involved in in-
tracellular calcium homeostasis were downregulated in Pkp2 deficient
hearts, which may be of particular relevance for subsequent develop-
ment of early arrhythmogenesis and structural derangements (as further
discussed below).

Several cross-regulations have been described between the Wnt/b-
catenin and Hippo–YAP signalling pathway; the latter is known to be in-
volved in cellular proliferation, apoptosis, and differentiation. In human

and mouse ACM hearts as well as PKP2-deficient HL-1 myocytes, activa-
tion of the Hippo pathway has been observed, including phosphorylation
and cytoplasmic retention of YAP.68 YAP interacts with b-catenin,
thereby suppressing its nuclear translocation and subsequent Wnt-
target gene expression.69 Thus, elevated levels of phosphorylated YAP,
as a result of Hippo pathway activation, lead to sequestration of b-cate-
nin and consequent inhibition of Wnt signalling, potentially contributing
to adipogenesis.68,69 Similar to Hippo–YAP, a functional relationship has
been demonstrated between Wnt/b-catenin and PPARc signalling.70

PPARc plays an essential role in adipocyte differentiation and metabo-
lism, and mice overexpressing PPARc1 developed DCM associated with
increased lipid and glycogen stores and mitochondrial alterations.71,72 In
cardiac tissue from ACM patients, activation of the PPARc pathway has
also been demonstrated, most notably in the RV.73 Further evidence for
a role for abnormal PPARc pathway activation was obtained in studies
employing hiPSC-CMs from PKP2 mutation carriers.74 Interestingly, the
TMEM43 gene in which mutations have been identified in some ACM
patients contains a response element for PPARc, but its functional rele-
vance remains to be determined.75

5.4 Inflammation
Explanted hearts and myocardial biopsies from ACM patients frequently
show patchy inflammatory infiltrates, indicating a potential etiopathological
role for inflammation and/or myocarditis.27 It is, however, unclear
whether myocarditis triggers fibrofatty replacement, or if the inflamma-
tory reaction is merely secondary to ongoing myocyte death. Neonatal
rat cardiomyocytes overexpressing a truncated form of plakoglobin were
found to secrete pro-inflammatory cytokines such as interleukin (IL)-6
and tumour necrosis factor (TNF)-a,55 suggesting a direct causal relation.
A recent study in murine and (human) cellular ACM models demon-
strated activation of the pro-inflammatory nuclear factor-jB (NFjB) sig-
nalling pathway.59 Inflammation plays a role in disease progression as
lymphocytes infiltrate into necrotic areas of the myocardium of ACM
patients.66,76 These infiltrates appear to be correlated to a higher risk of
VA.77 In addition, higher levels of inflammatory cytokines such as IL-1b, IL-
6, and TNF-a were detected in ACM patients, in contrast to the anti-
inflammatory cytokine IL-10, which was not differently expressed be-
tween ACM patients and controls.78 The pro-inflammatory cytokines
TNF-a and IL-1b can promote apoptosis via upregulation of inducible ni-
tric oxide synthase expression.78 Also, acute myocyte loss itself triggers in-
flammation, which is accompanied by clinical symptoms such as chest pain
and palpitations.76,79 Inflammation is not a continuous process, but occurs
in so-called ‘hot phases’ of the disease.66,76 These active phases, which
may be triggered by exercise, appear to be associated with acceleration of
the disease as apoptosis and inflammation lead to fibrosis formation and
remodelling of the heart.79 During these hot phases, increased troponin
levels (up to four times the normal limit) are measured in ACM patients,
while there is no viral infection detected,80 hence, troponin levels might
be useful as a marker to detect ongoing hot phases.66,76,79,81

6. Pro-arrhythmic mechanisms and
pathways in ACM

6.1 Re-entrant-based arrhythmias in
advanced disease stages
In advanced stages of ACM, widespread structural alterations including
fibrosis and dilatation form a clear pro-arrhythmic substrate, with
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focal scars causing electrical isolation of cardiomyocytes within
non-conducting fibrous tissue. The residual heterogeneous electrical
conduction through the surviving myocytes results in slow conduction,
heterogeneity, and delayed activation, providing the ideal setting for
re-entrant circuits and hence arrhythmias. Lessons learned from experi-
mental mouse models revealed that haploinsufficiency for Cx43 can
cause a decrease in conduction velocity,82 though other studies were un-
able to support this.83 A sole slowing of conduction is not necessarily
pro-arrhythmic.84 However, the safety factor for conduction becomes
critical if also excitability is hampered (by a concomitant decrease in so-
dium current) or when the development of fibrosis combines with slow
conduction and a reduced excitability.83–86 These combinations increase
the incidence of VA in experimental mouse models and show that altera-
tions in one determinant for conduction affect others too. This is exem-
plified by the observation that a reduction in Cx43 has been associated
with both a decrease in Nav1.585 and an enhancement of fibrosis forma-
tion.86 This combination of heterogeneous (fibro)fatty replacement of
cardiomyocytes, together with a reduction in intercellular impulse prop-
agation and excitability, likely generates a dangerous combination of fac-
tors promoting the development of VA in ACM patients.

6.2 Sodium channel remodelling in the
early ACM disease stage
The functional consequences of Nav1.5 remodelling have been studied
in ACM mouse models, demonstrating reduced sodium current at young
age, when there is merely (sub)acute damage consisting of myocyte ne-
crosis and inflammation but no widespread fibrotic lesions.53,67

Consequently, increased arrhythmia susceptibility was observed in early
disease stages in these mice.53 Similarly, monolayers of neonatal rat ven-
tricular myocytes lacking PKP2 demonstrated decreased Cx43 expres-
sion and sodium current, which affected cell–cell coupling and sodium
current kinetics leading to a decreased conduction velocity and in-
creased re-entrant activity in the absence of structural alterations.87

These findings are in line with clinical observations in ACM patients, in
whom arrhythmias and SCD can occur in different stages of the dis-
ease,14 and they support the hypothesis that life-threatening VA could al-
ready occur in hearts that appear structurally unaffected. Sodium
current reduction and consequent conduction disturbances may also en-
hance arrhythmia susceptibility in later diseases stages, by further in-
creasing the risk of re-entrant arrhythmias in the presence of structural
alterations.

6.3 Early pro-arrhythmic alterations in
Ca2þ-handling preceding structural
remodelling
Recently, an additional aspect related to arrhythmogenesis in the setting
of ACM has been proposed based on findings in a genetically engineered
mouse model of induced cardiomyocyte-specific Pkp2 deletion, and in a
model of Pkp2 haploinsufficiency.88,89 In these models, downregulation
has been observed of several proteins related to calcium handling, such
as Cav1.2, RyR2, and Ankyrin B, which contributed to the observed de-
creased L-type Ca2þ current density and slower rate of inactivation of
the channel. The summation of these alterations in calcium handling
proteins functionally resulted in an increased sarcoplasmic reticulum
(SR) calcium load, a higher diastolic [Ca2þ], and a high propensity for
early or late after-depolarization.88 Moreover, flecainide treatment re-
duced the occurrence of arrhythmias; in addition to its sodium channel
blocking activity, flecainide also blocks RYR2 thereby inhibiting

spontaneous Ca2þ outflow of the overloaded SR.88 Although similar
data on alterations in calcium homeostasis are still lacking in ACM
patients (particularly due to the absence of material to study these early
events), these observations may clearly explain why some ACM patients
benefit from flecainide (Pilot Randomized Trial With Flecainide in ARVC
Patients, NCT03685149, currently ongoing) and how these alterations
link to the polymorphic nature of arrhythmias seen in the early phase of
the disease.

7. Early detection of pathological
remodelling: towards improved risk
stratification

7.1 Biomarkers
Biomarkers are defined by the National Institutes of Health Biomarkers
Definitions Working Group as ‘a characteristic that is objectively mea-
sured and evaluated as an indicator of normal biological processes, path-
ogenic processes, or pharmacologic responses to a therapeutic
intervention’.90,91 Biomarkers can be used to identify risk of disease, for
screening, to support diagnosis, to describe disease severity, or to pre-
dict disease course and treatment efficacy in the patient. Biomarkers are
not only found in blood of patients but also in all tissues, secretions, and
cells.92 For example, the detection of a pathogenic mutation in a family
member related to an index patient is a predictive biomarker for the de-
velopment of the disease. Different techniques are applied to detect dif-
ferences in biomarker expression in patients, such as enzyme-linked
immunosorbent assay (ELISA), immunohistochemistry, or polymerase
chain reaction (PCR). Several well-known biomarkers are already used
in the clinic, such as B-type natriuretic peptides to diagnose patients with
HF or elevated Troponin I and T (cTnI and cTnT) levels, which are asso-
ciated with myocardial infarction (MI). While biomarkers are also used
as one of the tools to diagnose a patient, it is difficult to link a single bio-
marker to a complex disease such as ACM.15 Therefore, multiple bio-
markers should be used together for optimal outcomes.

7.2 Assessment of protein remodelling
at the ID
Changes in expression of Cx43, Nav1.5, or desmosomal proteins, with
plakoglobin being the most sensitive one, may be determined already
during the early phase of ACM. Early detection of such pro-arrhythmic
remodelling could provide a method for identification of patients at risk,
but assessment of these maladaptive alterations in the human myocar-
dium is cumbersome. Cardiac biopsies may provide this information, but
they are not easily obtained, are only scarcely available and provide only
local information on disease status at one single moment or in end-stage
diseased hearts after transplantation or death.44 Hence, new biomarkers
are required that allow a frequent assessment of disease onset and/or
progression through less invasive or ethically sensitive procedures. With
regard to ID remodelling, a tentatively promising approach comprises
the use of buccal mucosa cells to study ACM pathogenicity and disease
progression. Collection of buccal mucosa specimen is easy, cost-
effective, and non-invasive, hence allowing frequent repetition.44 The
idea to use such specimen is based on the fact that patients with Carvajal
syndrome or Naxos disease (having mutations in DSP and JUP, respec-
tively) not only present with cardiomyopathies reminiscent of ACM but
also with extra-cardiac features in tissues that also express these desmo-
somal proteins. Following this line of thinking, Asimaki et al.44
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.
demonstrated that expression of desmosomal proteins is altered in buc-
cal mucosa cells from ACM patients. Hence, a mutation in DSP may be
associated with a reduction in expression of DSP protein in the patients’
buccal mucosa. In addition, expression of Cx43 and plakoglobin may be
reduced in buccal mucosa cells, likewise observed in the myocardium of
ACM patients.44,50 While interesting as a source, it still remains to be ex-
amined if, and if so to what extent, the changes in buccal mucosa smears
reflect desmosomal changes in the myocardium.

7.3 Non-invasive/biomarker assessment
of fibrosis
Different types of fibrosis exist, such as patchy, diffuse, interstitial, and
compact fibrosis, where especially, patchy and diffuse fibrosis can reduce
and disperse conduction velocity, making the heart susceptible for VA.61

Collagen Type I (85%) and collagen Type III (11%) are the most common
types of collagen found in the heart. The turnover of collagen is 90–
120 days, so there is continuous synthesis and degradation of colla-
gen.61,93,94 Cardiac fibroblasts synthesize preprocollagen fibres, which
are modified to procollagen in the endoplasmatic reticulum. In the extra-
cellular matrix (ECM), the amino (N)-propeptide and carboxy (C)-pro-
peptide are cleaved off by proteinases. These procollagen Type I amino-
terminal propeptide and procollagen Type III amino-terminal propeptide
(PIIINP) and procollagen Type I carboxy-terminal propeptide and pro-
collagen Type III carboxy-terminal propeptide (PIIICP) are released into
the circulation. After cleavage of propeptides, large collagen fibres are
formed together with other collagen chains. Breakdown of collagen is
mediated by metalloproteinases (MMPs) which cleave collagen into two
fragments.93,95 These MMPs are synthesized by fibroblasts, and other cell
types such as leucocytes and cardiac myocytes, and controlled in their
activity by tissue inhibitor of metalloproteinase-1 (TIMP-1).93,95,96

Further degradation is primarily mediated by MMP-2 and probably
MMP-9 which, for example, generate C-terminal telopeptide of collagen
Type I (ICTP) which is also released into the circulation.93,95 Some of
those procollagen peptides are already used as biomarker for other car-
diac diseases such as HF, DCM, or HCM, where upregulation of PIIINP is
correlated to collagen Type III synthesis.93 However, for ACM there are
no circulating fibrotic biomarkers available yet.97 Given the importance
of fibrosis formation in patients with ACM, determination of procollagen
peptide levels in their sera may prove of benefit.

In addition to collagen peptides, there is an increased interest in the
evaluation of circulating miRNAs, as several miRNAs appear to be in-
volved in profibrotic remodelling due to their role in post-transcription
regulation of genes related to fibrosis formation. miRNA profiling in car-
diac tissue of end-stage ACM patients revealed 21 differential expressed
miRNAs compared to controls.98 Among them was miR-21, which is
linked to increased myocardial fibrosis when it is expressed by cardiac
fibroblasts.99,100 miR-21 targets sprouty homologue 1, which results in
prolonged fibroblast survival and secretion of fibroblast growth factor 2
thereby stimulating the development of interstitial fibrosis. In contrast to
the effect of miR-21 on fibroblasts, it apparently does not modify cardio-
myocyte function or morphology.101 A second miRNA involved in regu-
lation of profibrotic mRNA expression is miR-29. miR-29 is
downregulated by TGF-b, which enhances the expression of collagen
and fibrillin-1.99,100 Recently, miR-320a has also been proposed as a po-
tential biomarker in ACM.97 In ACM patients, miR-320a is significantly
lower expressed in serum compared to healthy individuals, while it does
not seem to be affected by sports activities. Thus, miR-320a is not corre-
lated to severity of ACM, but it might be useful to discriminate between

ACM and patients with a related but slightly different disease such as idi-
opathic ventricular tachycardia (IVT). As treatment options differ upon
diagnosis, it is important to exclude IVT from ACM.97

Non-invasive detection of myocardial fibrosis can be obtained by
contrast-enhanced cardiac magnetic resonance using gadolinium (‘late
gadolinium enhancement’, LGE-CMR).8 LGE-CMR is based on qualitative
evaluation of differences in signal intensity between regions with fibrosis
and normal myocardium, which is very suitable to detect replacement fi-
brosis. However, reactive or diffuse fibrosis may be missed on LGE-
magnetic resonance imaging (MRI), so novel techniques including T1
mapping and CMR feature tracking provide a possible solution.8,93,102

Measurement of myocardial relaxation times (T1 mapping) with native
or gadolinium-enhanced inversion recovery sequences provides quanti-
tative measures of the extracellular volume fraction, reflecting interstitial
myocardial fibrosis.103 In contrast to LGE, T1 mapping provides a contin-
uous measure of interstitial myocardial fibrosis which has been shown to
provide a good correlation with ex vivo measures of fibrosis analy-
ses.104,105 In ACM, T1 mapping was recently shown to discriminate af-
fected patients and unaffected mutation carriers from controls.106 In
addition, fibrotic alteration of the myocardium results in abnormal re-
gional wall motion that is present prior to development of global ventric-
ular dysfunction. CMR feature tracking is able to reliably track ventricular
motion throughout the cardiac cycle, thereby obtaining quantitative data
on regional peak strain (maximum contraction) and strain rate (velocity
of contraction).105,107 The feature-tracking algorithm is scanner- and
vendor-independent, has a favourable signal-to-noise ratio, and can ret-
rospectively be used in available cine CMRs. It has been shown that fea-
ture tracking is a feasible and reliable tool to distinguish overt ACM from
controls.107,108 In a future perspective it will be important to correlate
plasma biomarker indices of fibrosis to those obtained with MRI-based
techniques, with the aim to find correlations similar to those between
T1 mapping and ex vivo analysis in explanted cardiac specimen.

7.4 Autoantibody desmoglein-2 as a
marker for ACM
Next to the identification of biomarkers associated with fibrosis, also
other circulating biomarkers associated with inflammation are investi-
gated. One of such promising new diagnostic tools might be the use of
autoantibodies to identify ACM.109 This idea is adapted from pemphigus
vulgaris, a desmosomal skin disease caused by autoantibodies against
desmoglein 1 and 3.110,111 In ACM patients, the presence of autoantibod-
ies against desmoglein 2 (anti-DSG2) have been detected by western
blot independently of the underlying genetic cause. In contrast, anti-
DSG2 autoantibodies were not detected in patients with DCM or HCM.
A striking, but useful finding was the correlation between autoantibody
level, disease severity, and arrhythmia incidence. Mechanistically, anti-
DSG2 autoantibodies reduced gap junction functionality which was dem-
onstrated by reduced dye transfer in an experimental cell model.109

Taken together, anti-DSG2 plasma levels may prove useful as a bio-
marker in ACM. Nevertheless, only studies in small cohorts have so far
demonstrated the presence of anti-DSG2, and therefore additional stud-
ies should be performed in a larger cohort to assess the usefulness of
anti-DSG2 as a diagnostic and/or prognostic marker. In particular, anti-
DSG2 seems to have high sensitivity and specificity, potentially facilitating
its use as biomarker in the early, pre-symptomatic phase of ACM, and its
potency to uncover changes in disease status associated with an in-
creased risk for arrhythmias.
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7.5 Early detection of disturbed
conduction and excitability
Electrical uncoupling and fibrofatty myocardial replacement that lead to
load mismatch, anisotropic conduction, and conduction delay, remain
hidden on conventional 12-lead ECG in early disease. Cardiac activation
imaging (CAI) enables non-invasive estimation of epicardial and endocar-
dial conduction delay using 64-lead recordings of body surface potentials
and hence may be useful for early risk stratification.112 Furthermore,
Nav1.5 remodelling and associated sodium current alterations may effec-
tively be unmasked by a sodium channel blocker challenge such as ajma-
line, similar to that used for identification of patients suffering from
Brugada syndrome.113 Recent data have shown ST-segment elevation
upon ajmaline challenge in 16% of ACM patients, indicating the potential
usefulness of this approach.114 Echocardiographic deformation imaging
can be used to reliably quantify regional wall motion, but its high tempo-
ral resolution also enables assessment of electromechanical dyssyn-
chrony as a result of conduction delay. Studies have indeed shown that
this assessment may distinguish PKP2 mutation carriers from con-
trols,115,116 and may identify those at high risk of arrhythmias.117

Currently available expression systems (such as for instance HEK293
cells) are limitedly suitable for studying pathogenicity of ACM mutations
in vitro. iPSC-CMs obtained from patients allow for robust quantification
of sodium current magnitude in addition to assessment of conduction
characteristics in iPSC-CM monolayers.118 Hence, electrophysiological
characterization of patient-specific iPSC-CM may provide a tempting
in vitro tool for personalized prediction of disease severity and arrhythmia
risk in patients, and to test the effects of pharmacological intervention
strategies.

8. Novel therapeutic strategies

Available therapeutic strategies are often not sufficient in ACM patients,
as progression of ACM still leads to HF.8 Improved anti-fibrotic and anti-
inflammatory strategies might be beneficial to improve cardiac function
and suppress further deterioration of the disease. As explained above,
current research focuses on both the Wnt/b signalling pathway and the
NFjB pathway.59,119 Using plakoglobin mutant zebrafish, Asimaki et al.55

identified SB216763, an inhibitor of GSK3b and activator of the Wnt/b-
catenin pathway, as a pharmacological modulator capable of preventing

and rescuing the ACM phenotype in zebrafish. In addition, in ACM fish
treated with SB216763, maladaptive remodelling of ion channels under-
lying action potential formation was reversed.55 Comparable results
were obtained in a mouse model which expressed patient-specific muta-
tions in Ank2,119 in cultured buccal mucosa cells,44 in neonatal rat ven-
tricular myocytes transfected with the same 2057-del2-plakoglobin
mutation and in iPSC-CMs of ACM patients with a PKP2 mutation.55

Upon treatment with SB216763, ACM features like fibrosis formation,
downregulation of Cx43 and plakoglobin, and contractile dysfunction
were almost completely reversed back to control conditions.55,119

These results indicate the importance of the Wnt/b-catenin pathway in
progression of ACM. However, continuous activation of the Wnt/b-cat-
enin pathway increases the risk of developing cancer, limiting the clinical
applicability of this therapeutic strategy.59 Importantly, inhibition of
NFjB, a downstream target of GSK3b which regulates the inflammatory
response, with Bay 11-7082 in a Dsg2mut/mut mouse model prevented
the development of ACM features, such as loss of cell-surface immuno-
reactive signal for desmosomal proteins and Cx43, and apoptosis. In ad-
dition, less inflammatory cytokines were produced by the cardiac
myocytes which attenuated ACM disease features.59 These findings not
only demonstrated a pivotal role for inflammation in ACM development
but also provided evidence for a beneficial effect of anti-inflammatory
therapy in inhibiting or reversing the ACM phenotype. Following these
observations, pentoxifylline (PTX), an inhibitor of TNF-a production,
proved to have anti-inflammatory and anti-fibrotic activity via modulation
of NFjB activity.120 Importantly, this drug is already approved for clinical
application and is used in patients with occlusive peripheral vascular dis-
orders. Studies have shown the beneficial effects of PTX in animals and
humans suffering from MI, HF, and idiopathic DCM. Interestingly, PTX
treatment in rats with angiotensin II-dependent hypertension reduced
cardiac fibrosis and improved cardiac function.120 A different potential
target is IL-1, as electrophysiological studies have shown that IL-1b can
change Ca2þ handling and intercellular coupling such as a reduction in
Cx43 in both post-MI mice and canine cardiac myocytes.121 Indeed, inhi-
bition of IL-1b or the NLRP3 inflammasome has been shown to prevent
arrhythmias in a diabetic mouse model, and hence may potentially be
beneficial in the treatment of ACM. Pharmacological targeting of IL-1b is
of further interest given the fact that registered drugs such as canakinu-
mab (antibody therapy) have shown efficacy, e.g. in the CANTOS
trial.122

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

Table 1 Early recognition possibilities using biomarkers

Biomarker Technique Tissue/challenge Information

# Plakoglobin Immunohistochemistry Buccal mucosa Visible before structural and electrical remodelling occurs44

PICP/ICTP ELISA Serum Fibrosis formation correlates with VA61

" miR-21, # miR-29 qPCR Serum Linked to increased fibrosis formation98–100

# miR-320a qPCR Serum Discrimination ACM vs. IVT! treatment optimization97

# Relaxation time MRI T1 mapping Increased interstitial fibrosis104,105

Abnormal regional wall motion MRI CMR feature tracking Distinguish overt ACM patients from controls107,108

Anti-DSG2 antibody ELISA/western blot Serum Present in ACM patients and correlates to disease severity109

" Conduction delay ECG CAI Early risk stratification112

" ST segment ECG Ajmaline challenge Sodium channel blocker to detect Nav1.5 remodelling113

#Wall motion þ desynchrony Echocardiographic deformation imaging Strain echo Distinguish patients for low and high risk of arrhythmias117

Conduction characteristics iPSC-CMs Cells Patient-specific tool118
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As the underlying genetic mutation differs between patients, a better

risk stratification also might help in deciding who can be protected by
ICD implantation. Current guidelines to determine the risk to experi-
ence a sustained VT or SCD include (i) previous experience of a sus-
tained VT, (ii) degree of structural heart disease, (iii) electrical instability
such as PVCs, (iv) cardiac syncope, (v) young age, (vi) male gender, (vii)
mutation status, and (viii) vigorous exercise.13 This decision should be
made with caution, as impropriate ICD shocks can cause physiological
strain and thereby reduced quality of life. Therefore, novel research
should finetune risk stratification in ACM patients to compose therapeu-
tic strategies according to underlying genetic mutations.

9. Conclusions

ACM is a highly heterogeneous disease, both from a histopathological
point of view as well as clinical observations. The disease typically pro-
gresses from an early, subclinical phase during which electrical instability
may in some patients lead to fatal arrhythmias, to an overt late cardio-
myopathic stage additionally characterized by HF. Given its highly vari-
able disease expressivity and severity, identification of patients at risk for
life-threatening arrhythmias remains difficult, particularly during the early,
concealed phase. Recent studies in primarily experimental models have
provided essential insight into (early) disease mechanisms, enabling the
development and implementation of novel risk prediction strategies.
The latter is also facilitated by the development of innovative and highly
sensitive imaging technologies. Table 1 summarizes the new proposed
methods and leads applicable for early recognition. Ultimately, successful
identification and prediction of ACM patients at high risk for SCD could
lead to mutation- and patient-specific treatment strategies, including for
instance more stringent follow-up and/or implantation of an ICD at
young age in high-risk individuals. Our advanced knowledge on ACM dis-
ease mechanisms and signalling pathways is furthermore paving the way
for novel pharmatherapeutic strategies. Importantly, pro-arrhythmic
mechanisms likely differ between ACM disease stages, and targeting the
newly identified pathways involved in the early disease phase will hope-
fully prove vital in preventing SCD in mutation-positive individuals with-
out overt cardiomyopathy.
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