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Abstract Arrhythmogenic right ventricular cardiomy-
opathy (ARVC) is characterised by progressive fibro-
fatty replacement of right ventricular myocardium.
Earlier studies described ARVC as non-inflammatory,
non-coronary disorder associated with arrhythmias,
heart failure and sudden death due to functional exclu-
sion of the right ventricle. Molecular genetic studies have
identified nine different loci associated with ARVC;
accordingly each locus is implicated for each type of
ARVC (ARVC1–ARVC9). So far five genes have been
identified as containing pathogenic mutations for
ARVC. Though mutations in each of the gene/s indicate
disruption of different pathways leading to the condi-
tion, the exact pathogenesis of the condition is still
obscure. This review tries to understand the pathogenesis
of the condition by examining the individual proteins
implicated and relate them to the pathways that could
play a role in the aetiology of the condition. Cardiac
ryanodine receptor (RYR-2), which regulates intra-cel-
lular Ca2+ concentration by releasing Ca2+ reserves
from the sarcoplasmic reticulum (SR), was the first gene
for ARVC. The mutation in this gene is believed to
disrupt coupled gating of RYR-2, causing after-depo-
larisation, leading to arrhythmias followed by structural
changes due to altered intra-cellular Ca2+ levels. Three
other genes implicated for ARVC, plakoglobin (Naxos
disease), desmoplakin (ARVC8) and plakophilin
(ARVC9) have prompted the speculation that ARVC is
primarily a disease of desmosomes. But identification of

TGFb-3 for ARVC1 and the role of all these three genes
(plakoglobin, desmoplakin and plakophilin) in cardiac
morphogenesis indicate some kind of signal-transducing
pathway disruption in the condition. The finding that
ARVC as a milder form of Uhl’s anomaly indicates
similar ontogeny for the condition. Further, discovery of
apoptotic cells in the autopsy of the right ventricular
myocardium of ARVC patients does indicate a common
pathway for different types of ARVCs, which is more
specific for the right ventricular myocardium involving
desmosomal plaque proteins, growth factors and Ca2+

receptors.
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Introduction

Arrhythmogenic right ventricular dysplasia/cardiomy-
opathy (ARVD/C) is a genetically heterogenous disor-
der characterised by progressive fibro-fatty replacement
of the right ventricular myocardium. The predominant
presenting symptoms are due to ventricular arrhythmias,
including palpitations, sustained ventricular tachycardia
or uncommonly sudden cardiac death. Although ARVC
is an unusual disorder, it has been described as the most
common cause of sudden death in young athletes under
the age of 35 years (Corrado et al. 1990). Heart failure is
infrequent but may occur due to severe right or bi-ven-
tricular enlargement.

Ever since the first description of the disease by
Fontaine et al. (1977) as the non-inflammatory, non-
coronary disorder associated with arrhythmias, heart
failure and sudden death due to functional exclusion of
the right ventricle among young people, extensive clini-
cal and molecular genetic studies have been carried out.
But the progress in clear understanding of the disorder
has been impeded by the difficulty in diagnosis.
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Diagnosis

Standardised major and minor criteria encompassing
structural, histological, electrocardiographic, arrhythmic
and genetic factors have been proposed in order to
establish diagnosis (Table 1) (McKenna et al. 1994).
According to this classification, the presence of twomajor
criteria or onemajor and twominor criteria or fourminor
criteria are required in order to confirm ARVC.

Clinical pathology

Four clinicopathologic phases have been described
based on the long-term follow-up of clinical data.

Concealed phase This phase is characterised by subtle
right ventricular structural changes with or without
ventricular arrhythmias during which sudden death may
occasionally be the first manifestation of the disease,
mostly in young people during competitive sports or
intense physical exercise (Thiene et al. 1988).

Overt arrhythmic phase This phase shows symptomatic
right ventricular arrhythmias possibly leading to sudden
cardiac arrest associated with overt right ventricular
functional and structural abnormalities (Corrado et al.
1990).

Global right ventricular dysfunctional phase This phase
results from the progression and extension of muscle
disease with relatively preserved left ventricular function
(Corrado et al. 1998).

Final phase The final stage of bi-ventricular pump
failure is caused by pronounced left ventricular
involvement. At this stage, ARVC mimics biventricular
dilated cardiomyopathy of other causes, leading to
congestive heart failure and related complications.

Table 1 Criteria for diagnosis of arrhythmogenic right ventricular cardiomyopathy (ARVC). ARVD arrhythmogenic right ventricular
dysplasia, ECG electrocardiogram

1. Family history
Major
Familial disease confirmed at necropsy or surgery
Minor
Family history of premature sudden death (< 35 years) caused by suspected ARVD
Family history (clinical diagnosis based on present criteria)

2. ECG depolarisation/conduction abnormalities
Major
Epsilon waves or localised prolongation (‡ 110 ms) of the QRS complex in the right pre-cordial leads (V1–V3)
Minor
Late potentials seen on signal-averaged ECG

3. ECG repolarization abnormalities
Minor
Inverted T waves in right pre-cordial leads (V2 and V3) in people >12 years and in the absence of right bundle branch block (Fig.1)

4. Arrhythmias
Minor
Sustained or non–sustained left bundle branch block type ventricular tachycardia documented on the ECG, Holter monitoring
or during exercise testing
Frequent ventricular extra-systoles (more than 1,000/24 h on Holter monitoring)

5. Global and/or regional dysfunction and structural alterations
Major
Severe dilatation and reduction of right ventricular ejection fraction with no (or only mild) left ventricular involvement
Localised right ventricular aneurysms (akinetic or dyskinetic areas with diastolic bulgings)
Severe segmental dilatation of the right ventricle
Minor
Mild global right ventricular dilatation and/or ejection fraction reduction with normal left ventricle
Mild segmental dilatation of the right ventricle
Regional right ventricular hypokinesia

6. Tissue characteristics of walls
Major
Fibro-fatty replacement of myocardium on endomyocardial biopsy
Detected by echocardiography, angiography, magnetic resonance imaging or radionuclide scintigraphy

Fig. 1 Electrocardiogram of an arrhythmogenic right ventricular
cardiomyopathy (ARVC) patient showing right pre-cordial
T–wave inversions
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Molecular genetics

Various pathological and familial studies have described
nine types of ARVC, the types being classified based on
different loci mapped for the condition (Table 2). Nine
different loci for the autosomal dominant form of ARVC
indicate the underlying genetic heterogeneity. Among
them, five genes have been identified as containing the
causative mutations for ARVC. Other genes implicated
in ARVC have to be identified in order to elucidate the
pathogenic pathway leading to the condition.

Genes identified

Cardiac ryanodine receptor (RYR-2)

The first gene identified is RYR-2, the cardiac ryanodine
receptor, mutations in which cause the characteristic
effort-induced arrhythmias associated with ARVC-2
(Nava et al. 1988). The critical region was identified by
the mapping studies carried out by Rampazzo et al.
(1995) and Bauce et al. (2000). Physical mapping of the
critical region of ARVC2 elucidated the pathogenic role
of mutations in the RYR-2 gene (Tiso et al. 2001).

The most important regulatory pathway that is be-
lieved to be disrupted in ARVC is mediated by FKBP
12.6. The binding of FKBP 12.6 mainly causes coupled
gating among the Ca2+ release channels, which allows
simultaneous opening and closing of all RYR2 channels
on the membrane (Marx et al. 1998). FKBP thereby
controls the opening of RYR2 in response to any trig-
ger. This process is very important for regulating the
cytosolic [Ca2+], required for terminating the muscle
contraction by reducing [Ca2+] required for relaxation
and preventing diastolic depolarisation, which can cause
ventricular arrhythmias. Therefore, FKBP 12.6 binding
makes RYR2 refractory to any trigger for Ca2+ release.

Two of the four mutations detected in the ARVC2
patients occur in FKBP 12.6 binding domain (Tiso et al.
2001). This may make the binding of FKBP12.6 less
stable, resulting in loss of coupled gating and causing
after-depolarisation, leading to arrhythmias. Also, the

unstable nature of RYR-2 resulting from lack of proper
binding of FKBP 12.6 may cause massive leakage of
Ca2+ from RYR2, even on minor perturbations such as
stress (Tiso et al. 2001).Thus, the arrhythmias found in
the ARVC patients could be explained. Structural
changes accompanying the arrhythmias can be explained
by the reports that imbalance of intra-cellular Ca2+

levels can trigger apoptosis, which is identified as a
primary mechanism for cardiac muscle degeneration in
ARVC (Mallat et al. 1996; Valente et al. 1998).

The four other genes identified in ARVCs are des-
moplakin (ARVC8), plakophilin (ARVC9), plakoglobin
(Naxos) and TGFb-3 (ARVC1). All the genes except
TGFb-3 are involved in formation of desmosomal pla-
que, leading to the suggestion that ARVC is primarily a
disease of desmosomes (Fig. 2) (Gerull et al. 2004).

Desmoplakin

The second gene identified for ARVCs was desmopla-
kin, associated with ARVC8. Rampazzo et al. (2002)
identified S299R in exon 7 of DSP as the pathogenic
mutation in a family of 26 members spanning four
generations. Desmoplakin is exclusive to desmosomes
and is a ubiquitous member of all the desmosomal
complexes found in various tissues. It is the key protein
of inner-most desmosomal plaque, serving as an
attachment site for cytoplasmic intermediate filaments
apart from playing a role in desmosomal assembly,
stability and regulation and affecting the modeling of
tissue architecture during embryogenesis (Gallicano
et al. 1998). Mutations in desmoplakin have been
reported for various disorders of skin and heart, which
are striate palmoplantar keratoderma II (SPPK2)
(Armstrong et al. 1999), dilated cardiomyopathy with
woolly hair and keratoderma (DCWHK) (Norgett et al.
2000), skin fragility–woolly hair syndrome (SFWHS)
(Whittock et al. 2002) and familial ARVC8.

It can be concluded from the causative mutations for
these disorders that absence of the segment of the tail
region at the C terminal causes dilated cardiomyopathy.
Therefore, the mutations causing the improper interac-
tions with intermediate filaments or plakoglobin have

Table 2 The following table gives the types of arrhythmogenic
right ventricular cardiomyopathies (ARVC) and their chromo-
somal locations and genes identified

Type of ARVC Chromosomal location Gene identified

ARVC1 14q23-24 TGFb-3
ARVC2 1q42-43 RYR-2
ARVC3 14q12-22 –
ARVC4 2q32.1-32.3 –
ARVC5 3p23 –
ARVC6 10p12-14 –
ARVC7 10q22 –
ARVC8 6p24 Desmoplakin
ARVC9 12p11 Plakophilin-2
Naxos disease 17q21 Plakoglobin

Fig. 2 Schematic representation of desmosomal structure
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been tolerated by the heart muscle, as seen in skin dis-
orders of DSP (SPPK2, SFWHS), and only complete
absence of the segment or presence in only one copy
would lead to heart abnormalities.

In ARVC8, there is a ser299-to-arg (S299R) mis-sense
mutation in exon 7 of the DSP gene. This mutation is
located in the N-terminal region modifying the putative
PKC phosphorylation site in the minor heptad-rich Z
region between the two alpha helical segments forming a
loop that interacts with plakoglobin. Unlike all the other
desmoplakin related disorders, there is no skin abnor-
mality associated with the mutation in ARVC. The epi-
dermal tissue and the left ventricular myocardium seem
to have tolerated the mutation, as only the right ventricle
is affected. This particular mutation seems to play a very
important role in the right ventricular myocardium as it
is inherited as autosomal dominant disorder. The predi-
lection for the right ventricle is yet to be understood.

There seems to be functional redundancy for C-ter-
minal domain with some other proteins, as in Carvajal
syndrome, single dosage seems to be enough to show
normal phenotype. But manifestation of the N-terminal
S299R in ARVC shows that no functional redundancy
of the N-terminal globular domain is available in the
right ventricular myocardial tissue. Absence of kerato-
derma phenotype in ARVC can be explained by con-
sidering that only the mutations in C-terminal regions
affect the skin phenotype, as seen in various disorders.

Plakoglobin (JUP) (DSPIII) (c-catenin)

Initially, plakoglobin was identified as the gene involved
in the aetiology of ARVC through mapping studies for
Naxos disease, which localised the gene to 17q21. Naxos
disease constitutes the triad of ARVC, diffuse, non-
epidermolytic palmoplantar keratoderma and woolly
hair and was originally described by Protonotarios et al.
(1986) in the Greek island of Naxos. Studies on nine
families with 21 affected individuals by Coonar et al.
(1998) initially mapped the gene to 17q21. McKoy et al.
(2000) identified homozygous 2-bp deletion in the pla-
koglobin gene in 19 affected individuals. Plakoglobin is
found in desmosomes, adherens junction and cytosol
and is involved in regulating junction assembly and
implementing morphoregulatory signals in the Wnt
pathway. It is a major desmosomal protein, and its role
in the adherens junction has been recently reported
(Sacco et al. 1995).

Only one gene with armadillo repeat has been found
in Drosophila, and evolution must have caused the
divergence of this gene into beta-catenin and plakoglo-
bin (White et al. 1998). So, the functions performed by
these two genes in the mammalian system are performed
by a single gene in Drosophila. This gives an indication
that one protein can perform the functions of the other
in its absence due to functional redundancy, thereby
alleviating the effect of the absence of one of them. This
may explain the requirement of the mutant gene in

double dose for ARVC in Naxos as opposed to single
dose requirement in ARVC8. Further, it has been re-
ported that despite their normal participation in differ-
ent junctions, both these proteins can suffice the
adhesion function of armadillo in Drosophila, and in
gamma catenin (plakoglobin) null mouse embryos, it has
been found that beta-catenin localises to desmosomes
(Ruiz et al. 1996; Bierkamp et al. 1999).

It has been established that though central armadillo
repeats interact with various proteins, it is the COOH
domain of plakoglobin that is involved in transcription
activation (White et al. 1998). The 2-bp deletion identi-
fied in Naxos eliminates nucleotides 2,157 and 2,158,
causing shift in the reading frame and resulting in the
premature termination and loss of 56 amino acids in the
COOH– terminal end. Since it is the –COOH end that is
implicated in the signalling function, the pathogenesis of
ARVC may include some of the signalling activities
disturbed along with the myocyte integrity.

If the signalling function of these proteins is consid-
ered to be involved in the pathogenesis, along with
growth factors which may have a role in the Wnt
pathway, all the other desmosomal plaque proteins with
signal-transducing activity could be considered as can-
didate genes for ARVC. Immunochemical studies have
found band 6 (a protein closely related in structure to
plakoglobin) desmocalmin and desmoyokin as the
minor components whose interaction with the cyto-
plasmic domain of desmosomal cadherins and roles in
various signalling function have not been completely
defined (Tsukita and Tsukita 1985; Kapprell et al. 1988).

Plakophilin2 (pkp2)

Plakophilin has been recently identified as the third
desmosomal plaque protein involved in the pathogenesis
of ARVC, and the disorder was named as ARVC9 by
Gerull et al. (2004). Like armadillo of Drosophila, pla-
kophilins also have a role in embryonic development, as
shown by studies on pkp2 null mice mutants by Gross-
mann et al. (2004). The mice show lethal alterations in
the morphogenesis and architecture of the heart with
reduced trabeculation, disarrayed cytoskeleton and
rupture of cardiac walls. Apart from developmental
abnormalities, absence of pkp2 also affects the desmo-
somal assembly. In the cardiac tissue devoid of pkp2,
desmoplakin dissociates from the desmosomal plaque
and forms granular aggregates in the cytoplasm, thereby
affecting the connection of cardiomyocytes. It is specu-
lated that cell adhesion function is disrupted in cardio-
myocytes as a result of mutations in plakophilin2, but
the involvement of the signalling function of plakophi-
lins in the pathogenesis cannot be ruled out.

TGFb-3

Transforming growth factors ß1, 2, 3 (TGF-ß1, 2, 3) are
generally described as the pleiotropic cytokines, with
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regulatory roles in the process of tissue repair and
remodelling following injury. Beffagna et al. (2005)
detected regulatory mutations in the TGFb-3 gene in
5¢UTR region resulting in a twofold increase in expres-
sion at 14q24.3, a cytogenetic locus for ARVC1. Among
various functions, TGFb-3 is involved in the regulation
of angiogenesis and trophoblast differentiation during
hypoxia and plays a major role in cardiac morphogenesis.

Studies on all the three TGFs were carried out on
knockout mice in order to determine their roles in
morphogenesis of the heart (Molin et al. 2003). TGFb-3
has roles in mesenchyme differentiation, development of
fibrous septum primum of the atrium and fibrous skel-
eton of the heart. The major role of TGFb-3 in differ-
entiation of the fibrous structures of the heart has
recently been elucidated. The twofold increase in TGFb-
3 synthesis may play a role in excess fibrosis (along with
fatty replacement) observed in ARVC, thus providing
the basis for the trans-differentiation theory (discussed
below). A foetal gene program must have been revoked
in the adult heart, leading to the replacement of the
normal myocardium, resulting in abnormal fibrous
skeleton of the heart. Arrhythmias observed in the case
of ARVC could have been the result of these perturba-
tions, as the cardiac fibrous skeleton mainly serves in
maintaining the electrophysiological discontinuity be-
tween the atria and ventricles (only connection via the
atrioventricular bundle is allowed).

Molecular pathogenesis

Though the genes and causative mutations have been
identified in the case of ARVC8 (Desmoplakin), Naxos
(Plakoglobin), ARVC2 (RYR-2), ARVC9 (plakophilin)
and ARVC1 (TGFb-3), the pathogenesis of the condi-
tion is obscure. The genes with diverse functions, such as
desmosomal plaque proteins (involved in cell adhesion)
and ryanodine receptor (regulates intra-cellular Ca2+

concentration) and TGF (involved in morphogenesis
and tissue remodelling) are implicated in causing dif-
ferent types of ARVC with similar histopathology and
electrophysiology. This indicates that a common path-
way operates involving these proteins in early predilec-
tion to the right ventricle though all these genes
except RYR-2 are expressed in many other tissues. Also,
RYR-2 is not specific to the right ventricle alone, but the
pathway seems to involve the FKBP binding domain in
conjunction with all the other proteins in the patho-
genesis.

The implication of calcium channels and growth
factors in the disease suggests that the mechanism may
not be as simple as disruption of tissue integrity due to
improper desmosomal plaque formation by the mutated
proteins, resulting in myocyte loss. The mechanism of
myocyte loss may be due to complex interactions specific
to the right ventricle, with many growth factors and
intra-cellular ionic concentration playing a role.

Various theories have been proposed for explaining
the aetiology of the condition which include:

(1) The dysontogenetic theory
(2) The trans-differentiation theory
(3) The apoptotic theory.

The dysontogenetic theory (Ananthasubramaniam
and Khaja 1998) suggests that ARVC is a milder form of
‘‘parchment RV’’ or Uhl’s anomaly, a congenital
hypoplasia of the RV myocardium, which presents in
infancy as congestive heart failure (CHF). Uhl’s anom-
aly is characterised by partial or complete absence of the
myocardium of the right ventricle. The pathogenesis of
the condition has not yet been elucidated but is believed
to be due to incessant apoptosis, progressively causing
complete loss of the myocardium.

The pathogenic mechanism may involve the natural
process that causes disparity between the thickness of
left and right ventricles (James et al. 1996). There is a
normal reduction in pressure against which the right
ventricle must pump as soon as the heart of the new
born starts working. So an adaptive mechanism operates
that causes differential thickness of both ventricles. Two
alternate mechanisms have been suggested: One of them
states that thickening of the left ventricle occurs in order
to compensate the increased haemodynamic burden and
right ventricle remains stable; the other one explains
the cause of discrepancy in thickness as being due to the
removal of surplus tissue and cells by the body. The
second mechanism seems to operate in this post-natal
right ventricular morphogenesis since a similar process
occurs in the post-natal morphogenesis of the brain,
where an excess of neurons are removed by apoptosis.
De-regulation of this process, which limits apoptosis to
the extent that the haemodynamic pressure is main-
tained, may lead to complete loss of the myocardium
(James et al. 1996). This may be the mechanism that
operates in the case of Uhl’s anomaly, where there is
failure of cessation of apoptotic signals or anti-apoptotic
signals fail to operate in order to rescue the right ven-
tricular myocardium from complete loss.

The pathogenesis of ARVC also could involve a
similar mechanism, but the difference could be that in
Uhl’s anomaly, this process could end in complete
destruction of the right ventricular myocardium, and in
ARVC, this process would be episodic focal apoptosis
beginning at any time in life and may re-occur, which
may lead to sudden death. The arrhythmias that appear
in ARVC may be due to the cells undergoing apoptosis,
which may transiently exhibit increased excitability, or
the normal route of electrical signal transmission may be
altered due to the apoptotic cells leading to micro-re-
entrant or macro-entrant circuits.

This hypothesis of apoptosis has been supported by
the recently propounded apoptotic theory. Apoptosis in
ARVC has been shown by Mallat et al. (1996) from the
autopsy of the right ventricular myocardium. An inter-
esting observation was that the cells undergoing apop-
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tosis were most frequently found in areas that have not
undergone fibro-fatty replacement, and very rarely, the
apoptotic cells were observed in the areas already af-
fected. This shows that apoptosis could be the primary
process that precedes fibro-fatty replacement of myo-
cardial tissue. Further elucidation of apoptosis as the
primary process would require determining the trigger-
ing factors for apoptotic myocardial cell death. If the
theory of apoptotic post-natal morphogenesis is to be
considered as involved in pathogenesis, then the factors
involved in this pathway are to be elucidated, and also,
the question as to why apoptotic loss of the myocardium
occurs intermittently in ARVC as opposed to progres-
sive and complete loss in Uhl’s anomaly needs to be
addressed.

A proposed mechanism alternative to or in addition
to apoptosis is transdifferentiation. The transdifferenti-
ation theory is based on the hypothesis that myocardial
cells can change from muscle to fibrous and adipose
tissue and the observation that in one patient, ‘‘transi-
tional cells’’ at the interface between cardiac muscle and
adipose tissue expressed both desmin, which is charac-
teristic of muscle tissue, and vimentin, expressed only in
adipocytes (D’amati et al. 2000).

Another study by Yamamoto et al. (2000) showed a
different pattern of apoptosis in the biopsies of right
ventricular myocardium from eight patients with
ARVC. Along with the normal nuclear apoptosis,
developmental programmed cell death was observed,
which includes nuclear migration and extrusion. This
supports the hypothesis that a developmental gene
program is revoked in this condition. This gene pro-
gram, which would operate just after birth (for elimi-
nating excess of right ventricular tissue) seems to have
been revoked in ARVC at different intervals during the
lifetime of the affected individual. Undoubtedly, the
trigger for ARVC is different from that of Uhl’s
anomaly, and the effect of this factor seems to be epi-
sodic.

With the background of these theories, a pathway
needs to be elucidated that should include desmosomal
plaque proteins such as plakoglobin, desmoplakin and
plakophilin, calcium channel and the cardiac ryanodine
receptor, and growth factors such as TGFb-3.

In all the cases where the genes have been identified,
pathogenesis can be partially explained. For instance, in
the case of ARVC2, RYR-2 deregulation due to muta-
tions in the FKBP 12.6 binding domain could explain
effort-induced arrhythmias. Also, the role of calcium
signalling in apoptosis could be implicated in myocyte
loss, but the predilection of this loss to the right ventricle
could not be explained. Mutations in the C-terminal end
of RYR-2 are known to cause catecholaminergic poly-
morphic ventricular tachycardia (CPVT), which includes
arrhythmias without structural changes. If the myocyte
loss was only due to cytoplasmic calcium overload,
myocyte degeneration would have accompanied CPVT.
So some other pathway involving only the amino ter-
minal domain would result in myocyte loss.

Mutation in the case of ARVC8 (S299R) in exon 7 of
desmoplakin-modifying putative phosphorylation by
PKC disrupts its interaction with plakoglobin. This
interaction may have another role in addition to the
desmosomal assembly, involving some kind of signalling
pathway.

Plakoglobin and plakophilin have been directly
demonstrated to have a role in morphogenesis of the
heart. Since both are armadillo-like proteins, it has to be
further studied whether the Wnt pathway has any role in
post-natal right ventricular morphogenesis.

The pathway involved in post-natal morphogenesis of
the right ventricle should have desmosomes or desmo-
somal plaque proteins as its components, with a trigger
from growth factors such as TGFb-3 and dependence on
intra-cellular calcium concentration through interac-
tions with amino terminal domain of the RYR-2
receptor. Understanding the pathogenesis of this process
would have instructional value in understanding addi-
tional mechanisms of developmental regulation of the
heart, apart from providing therapeutic significance.
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