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English version 

Rationale and hypothesis. Arrhythmogenic Cardiomyopathy (ACM) is a cardiac condition hallmarked by 

ventricular tissue fibro-adipogenic alterations, contributing to progressive function deterioration and 

arrhythmias. Although genetically-determined, mainly by mutations in desmosomal genes (e.g. PKP2), ACM 

clinical phenotypes are highly variable for poorly understood reasons. More data on molecular phenotype 

modulators, clinical prognosticators and etiological therapies are awaited. We hypothesized that oxidized 

low density lipoproteins (oxLDL)-dependent activation of peroxisome proliferator-activated receptor γ 

(PPARγ), a recognized effector of ACM adipogenesis, may contribute to disease pathogenesis. 

Methods and results. ACM patients showed higher plasma concentration of oxLDL vs. matched healthy 

controls (HC) and vs. ACM mutation-carrier healthy relatives. Moreover, we found higher lipid peroxidation 

indexes in cardiac bioptic tissues of ACM vs. HC subjects. 

By using ACM patient-derived cardiac mesenchymal stromal cells and induced pluripotent stem cell-derived 

cardiomyocytes, we demonstrated that oxLDL and their component 13-hydroxy-octadecadienoic acid 

(13HODE) are major cofactors of cardiac adipogenesis. Mechanistically, the increased lipid accumulation is 

mediated by oxLDL cell internalization through the scavenger receptor CD36, ultimately resulting in PPARγ 

upregulation.  

By boosting oxLDL plasma concentration in a Pkp2 heterozygous knock-out ACM mouse model, through 

high fat diet feeding, we confirmed in vivo the dependency of cardiac adipogenesis and right ventricle 

dysfunction on oxidized lipid metabolism. Conversely, atorvastatin treatment prevented these phenotypes. 

Importantly, high oxLDL plasma levels predict a severe clinical phenotype in terms of fat infiltration, 

ventricular dysfunction and risk of major arrhythmic events in ACM patients. 

Conclusions. The modulatory role of oxidized lipids in ACM adipogenesis, as demonstrated at cellular, 

mouse and patient levels, represents a novel molecular pathogenic mechanism relevant for patients’ risk 

stratification and for new pharmacological strategies.  
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Italian version 

Razionale e ipotesi. La Cardiomiopatia Aritmogena (ACM) è una patologia cardiaca caratterizzata da 

sostituzione fibro-adiposa del miocardio ventricolare e aritmie maligne. Nonostante sia geneticamente 

determinata, soprattutto da mutazioni in geni desmosomiali (ad esempio mutazioni in PKP2), i fenotipi 

clinici ACM sono altamente variabili e i meccanismi molecolari alla base della variabilità fenotipica non sono 

del tutto noti. Abbiamo ipotizzato che le lipoproteine a bassa densità ossidate (oxLDL), agendo sul recettore 

gamma attivato dai proliferatori dei perossisomi (PPARγ), il principale regolatore del processo adipogenico 

nell’ACM, possano contribuire alla patogenesi della malattia.  

Metodi e risultati. I pazienti ACM hanno mostrato un’elevata concentrazione plasmatica di oxLDL rispetto 

a controlli sani (HC) matchati per sesso, età e fattori di rischio cardiovascolari, e rispetto a loro famigliari 

portatori della stessa mutazione causativa ma asintomatici. Inoltre, abbiamo ottenuto una maggiore 

perossidazione lipidica nel tessuto cardiaco di pazienti ACM rispetto a HC.  

Utilizzando come modelli in vitro cellule mesenchimali stromali cardiache ottenute da pazienti e 

cardiomiociti derivati da cellule staminali pluripotenti indotte, abbiamo dimostrato che le oxLDL e il loro 

componente acido 13-idrossi-octadecadienoico (13HODE) sono cofattori di adipogenesi nell’ACM. Dal 

punto di vista meccanicistico, l’aumento dell’accumulo lipidico dipende dall’internalizzazione di oxLDL nelle 

cellule attraverso il recettore CD36, provocando l’aumento di PPARγ.  

Inducendo l’aumento delle oxLDL plasmatiche nel modello murino ACM eterozigote knock-out per Pkp2, 

attraverso una dieta ad alto contenuto di grassi e colesterolo, abbiamo confermato in vivo l’effetto del 

metabolismo dei lipidi ossidati sull’adipogenesi cardiaca e disfunzione ventricolare. Il trattamento con 

atorvastatina, invece, ha prevenuto questi fenotipi.  

Alti livelli plasmatici di oxLDL predicono un fenotipo clinico severo, in termini di infiltrazione adiposa, 

disfunzione ventricolare e rischio di eventi aritmici maggiori, nei pazienti ACM.  

Conclusioni. Il ruolo dei lipidi ossidati nell’adipogenesi ACM, come dimostrato in vitro, in vivo e sui pazienti, 

rappresenta un nuovo meccanismo di patogenesi, rilevante per la stratificazione del rischio dei pazienti e 

per nuove strategie farmacologiche.  
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1. Arrhythmogenic Cardiomyopathy 

1.1 Definition 

Arrhythmogenic Cardiomyopathy (ACM) is a genetic disease characterized by fibro-adipose substitution of 

the ventricular myocardium that often predisposes patients to life-threatening ventricular arrhythmias and 

causes progressive ventricular dysfunction (1).  

Initially, ACM was considered a disease of the right ventricle (RV), with left ventricular (LV) involvement 

only at later stages. For this reason, the classical name of the disease was Arrhythmogenic Right Ventricular 

Cardiomyopathy/Dysplasia (ARVC/D) (2). Currently, the impairment of the RV still predominates, but left-

dominant and biventricular forms of ACM are increasingly recognized (1).  

ACM patients present a structurally normal heart at birth. Usually, the first symptom appears between the 

second and fifth decades of life (1). In the early phases of the disease, non-specific symptoms (e.g. 

palpitations and syncope) often occur without overt structural alterations (3). The morpho-functional 

changes (e.g. ventricular dilation, regional wall-motion abnormalities and systolic dysfunction) usually 

follow electrocardiographic (ECG) signs and worsen with disease progression (3). In up to 50% of cases, 

sudden cardiac death is the first symptom (1). Interestingly, ACM is the primary cause of sudden death in 

young people and athletes (3). In Italy, ACM is responsible for over 20% of sudden cardiac death cases in 

young athletes (4). Other patients may remain relatively asymptomatic (2). Definitely, disease 

manifestation and progression are extremely variable in ACM patients (2).  

The global prevalence of ACM is 1:2000-1:5000 (1), depending on geographical differences, and it affects 

men more than women (ratio 3:1) (1). In the North of Italy, especially in Veneto region, the prevalence is 

considerable (1:2000) (1).   

1.2 Clinical manifestations 

Typically, ACM clinical manifestation progresses in 4 recognized phases (3) (5): 
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- The “concealed phase”, a long preclinical phase usually starting from birth until young adulthood, with 

minimal or absent myocardial abnormalities; the patient is already at risk of sudden cardiac death. 

- The “pre-symptomatic phase”, with electrical abnormalities (ECG changes and premature ventricular 

contractions). In some cases, structural defects, as ventricular dilation and dysfunction, can be 

detected. Cases of syncope are reported and sudden death risk remains. 

- The “symptomatic phase” characterized by the full-blown manifestation of the disease with severe and 

frequent ventricular arrhythmias (VA). Cardiac substrate impairment is evident, and cardiac function 

deteriorates.   

- In the last phase, heart failure can occur.  

1.2.1  Arrhythmic manifestations 

The electrical instability is the main determinant of ACM patients’ prognosis, and a typical arrhythmic age-

related behaviour is described. During the early phases of ACM, ventricular fibrillation is more frequently 

reported, whereas sustained ventricular tachycardia is common after disease progression (3) (6) (7). Since 

the myocardial substrate degenerates over time, the arrhythmic phenotype could depend on the 

progressive nature of the disease: ventricular fibrillation may be associated with acute electrical instability, 

with a primarily electrical cause or depending on clinically silent changes at histologic level (8) (9) (10); 

sustained ventricular tachycardia is provoked by re-entry circuits around fibro-fatty myocardial areas, 

typical of more advanced stages of ACM (11).  

1.2.2  Substrate remodelling  

The myocardial remodelling in ACM hearts is due to cardiomyocyte death, fibro-adipose substitution, and 

inflammatory infiltrates (Figure I1).  

Cardiomyocyte death, dependent on both apoptotic and necrotic mechanisms, is reported in ACM hearts, 

provoking a progressive myocardial atrophy and consequent arrhythmia worsening (12) (13) (14) (15). The 

contractile cells are replaced by fibro-adipose tissue, that is considered the hallmark of ACM, with a  



19 
 

segmental or patchy patterns (1). It usually extends in the so-called “triangle of dysplasia,” comprising the 

RV inflow tract, outflow tract and apex, although the latter is compromised only in advanced cases of ACM 

(16). LV alterations mainly affect the postero-lateral and postero-septal areas, with a lesser extent than 

those of RV (13) (17).  The ventricular septum is rarely compromised, possibly because it is not a sub-

epicardial structure. Indeed, the fibro-fatty tissue progresses from the epicardium towards the 

endocardium, ultimately creating transmural lesions with focal or diffuse wall thinning (18). The weakening 

of the ventricular wall leads, in some cases, to aneurysmal dilation. Typically, fibro-fatty areas infiltrate 

between islands of surviving myocytes (13) (19), impairing ventricular conduction and worsening the 

electrical instability.  

The source of adipocytes in ACM hearts are cardiac mesenchymal stromal cells (C-MSC; Figure I2), a 

heterogeneous population of multipotent cells able to differentiate towards the adipogenic phenotype as 

a result of ACM causative mutations (20). The contribution of C-MSC in adipose substitution partially 

explains also the preferential involvement of RV in ACM, because they have been found in higher amounts 

in the RV than in the left one (21).  

ACM cardiac fibrosis is less characterized, but it presumably depends by fibroblast differentiation to 

myofibroblasts. The underlying mechanisms and specific triggers are still not elucidated (22).  

Patchy inflammatory infiltrates, consisting of neutrophils, macrophages, T-lymphocytes, and mast cells, 

have been reported in about 70% of ACM hearts, mainly in fibro-adipose areas (13) (23) (24) (25). They are 

often present in both ventricles even when the disease is confined to the RV (19). The abundance of 

inflammatory cells in ACM hearts may be misdiagnosed as myocarditis (13).  
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Figure I1. Gross and histological features of ACM.  

a) Graphic representation of the most commonly affected ventricular regions in ACM; b) gross images of 

ACM right (RV) and left (LV) ventricles. Black arrowheads highlight epicardial fat deposition; c) histological 

analysis of ACM adipogenesis and cardiomyocyte loss (left; trichrome stain), fibrosis (middle; trichrome 

stain) and inflammation (right; haematoxylin and eosin stain). ENDO, endocardium; EPI, epicardium. 

 

From Austin et al., Nature Reviews Cardiology; 2019; doi: 10.1038/s41569-019-0200-7. 
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Figure I2. Cardiac mesenchymal stromal cells are a source of adipocytes in ACM. 

A) Immunostaining of sections of ACM explanted hearts define that the cells undergoing adipogenic 

differentiation, marked with PLIN1 antibody, express the mesenchymal markers CD29 and CD105. Nuclei 

are stained with Hoechst 33258. The scale bar indicates 10 µm. B) No cardiomyocytes, marked with α-

sarcomeric actin, express PLIN1, indicating that they do not contribute to adipogenic differentiation in ACM 

hearts. Nuclei are stained with Hoechst 33258. The scale bar indicates 20 µm. 

 

 

From Sommariva et al., European Heart Journal; 2016; doi: 10.1093/eurheartj/ehv579. 
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1.2.3  Disease phenotypes 

1.2.3.1  Right dominant phenotype 

The “classic” RV phenotype accounts for about 30% of ACM cases and is characterized by (1) ECG 

repolarization abnormalities, such as T-wave inversions in right precordial leads; (2) ECG depolarization 

abnormalities, such as epsilon waves or prolonged QRS complex; (3) premature ventricular contractions or 

ventricular tachycardia with left bundle branch block and superior axis morphology; (4) RV wall motion 

abnormalities and RV dilation or dysfunction.  

The interventricular septum and LV myocardium can be involved but only in the advanced stages of the 

disease (26).  

1.2.3.2  Left dominant phenotype 

Left dominant ACM is characterized by the fibro-adipose replacement of LV, without RV impairment or only 

with mild RV alterations (17) (27) (28). Noticeable features of the LV forms of ACM are (1) left deviation of 

the QRS complex or T-waves in the lateral and/or inferior leads, at ECG; (2) ventricular arrhythmias of right 

branch block morphology, according to LV origin; (3) LV dysfunction at imaging, including sub-

epicardial/mid-myocardial distribution of scar tissue mainly in the inferior/infero-lateral LV walls (29) (30). 

Often, the interventricular septum is involved (17).  

1.2.3.3  Biventricular phenotype 

The “biventricular” pattern is identified by early and parallel involvement of both ventricles, recapitulating 

the typical features of both LV and RV dominant forms (29).  
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1.3 Genetics 

A genetic cause is identified in 30-60% of ACM cases and often a family history is recognized (31). ACM is 

usually inherited with autosomal dominant traits (1). However, recessive forms of ACM are known, called 

Naxos disease and Carvajal syndrome, mostly associated to a cardio-cutaneous phenotype (32). The study 

of these particular forms of ACM were of key importance to unravel ACM genetic basis. Indeed, following 

the discovery of the causal role of JUP mutations in Naxos disease (33), different ACM-associated mutations 

were found (Table I1).  

Up to two-thirds of ACM patients harbour a mutation in desmosomal genes (34) (35). Desmosomes are 

intercellular junctions that guarantee cell-to-cell adhesion. Intracellularly, they are linked to the 

intermediate filament cytoskeleton, providing mechanical strength. Thus, they are particularly abundant in 

tissues subjected to significant mechanical stress, such as the epidermis and the heart (36). For the latter, 

the interaction in the extracellular space is mediated by the desmosomal cadherins desmoglein-2 (DSG2) 

and desmocollin-2 (DSC2). On the intracellular face, the armadillo proteins plakophilin-2 (PKP2) and 

plakoglobin (PG) provide stability to the complex. Desmoplakin (DSP), a cytoskeletal adaptor protein, 

tethers the intermediate filament network and the desmosomal complex (37). Mutations in desmosome 

components perturb cell adhesion, particularly in areas subjected to high stress and stretch, such as the 

“triangle of dysplasia” (25).  

Desmosomes are abundant in cardiomyocytes, where they reside at the intercalated disks (ID; Figure I3). 

ID are areas of specialization at the site of cell-cell contact, comprising, in addition to desmosomes, fascia 

adherens, gap junctions, and ion channels. However, desmosomal proteins are also expressed in non-

myocytes, such as epithelial cells and cardiac mesenchymal stromal cells (C-MSC) (20) (38). 

PKP2 mutations represent the most prevalent in ACM, accounting for 30-80% of ACM total cases (6) (39) 

(40) (41) (42). They are often heterozygous and lead to premature termination of the protein or abnormal 

splicing (6) (39). Usually, ACM PKP2 variants appears in more conserved regions of the protein if compared 

to PKP2 variants in control populations (43). Beside PKP2 role in desmosome stabilization, it also regulates  
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genes associated with calcium handling, fibrosis and adipogenesis, key ACM features (44) (45) (46). Indeed, 

like other armadillo proteins, plakophilins can also be localized into the nucleus, where they mediate a 

transcriptional regulation (47).  

In general, the impairment of desmosomal proteins can be responsible, not only of a junctional 

destabilization, but also of other alterations in the cells. As an example, DSP loss provokes the reduction of 

the gap junction protein Connexin 43 (Cx43) levels (48) (49), thus causing conduction defects.  

Additional ACM-causative mutations reside in genes encoding for other ID proteins (50), among which α-

T-catenin (CTNNA3) (51), N-cadherin (CDH2) (52), tight junction protein-1 (TJP1) (53), voltage-gated sodium 

channel alpha subunit 5 (SCN5A) (54), and transmembrane protein 43 (TMEM43) (55). Moreover, genes 

coding for calcium handling proteins, located at the sarcoplasmic reticulum, can be mutated in ACM 

patients, such as the cardiac ryanodine receptor-2 (RYR2) (56) and phospholamban (PLN) (57). Also 

mutations in titin (TTN) (58), lamin A/C (LMNA) (59), transforming growth factor-beta 3 (TGFB3) (60), 

desmin (DES) (61), and filamin C (FLNC) (62) are reported. Interestingly, most of the ACM-associated non-

desmosomal genes are also linked to other cardiomyopathies, such as the dilated or hypertrophic, and 

arrhythmic syndromes, overcoming the one gene-one disease paradigm (63).  

Pathogenic ACM mutations are frequently truncating. One report indicated that 83% are nonsense, 

frameshift or splice site mutations, while 14% are missense variants (64). 

Although knowledge about ACM genetics is constantly growing, 30-40% of ACM cases are sporadic and a 

mutation cannot be identified (35). In addition, even if ACM is considered a monogenic disorder, disease 

penetrance can be affected by the contribution of a second mutation and of environmental factors. Indeed, 

the relevant role of compound and digenic heterozygosity has been demonstrated, with an occurrence 

range of 4-21% of total cases (6) (35) (65) (66). The frequency of some ACM-associated variants is greater 

than expected in the general population, given their phenotype prevalence, suggesting that these variants 

alone are not monogenic causes of ACM (67). Moreover, the variant pathogenicity is not always clear (43). 

The ACM genetic database classify about 70% of variants in ACM-associated genes as unknown or of 

uncertain pathogenicity (68).  
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Figure I3. Overview of ACM-associated protein localization and interactions in adjacent cardiomyocytes. The 

zoom of the desmosome is provided.  

 

From Stevens et al., Journal of Cardiovascular Development and Disease; 2020; 

doi:10.3390/jcdd7020021. 
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1.3.1 Genotype-phenotype correlations 

A better understanding of the risk of developing clinical phenotypes associated with the different mutations 

is needed. Thus, several studies have tried to correlate specific genetic mutations to definite phenotypes 

(Table I1). Generally, it is accepted that patients with mutations in known ACM-causative genes often have 

earlier disease onset (7) (35) (69). To date, no relevant differences in clinical manifestation and disease 

progression seem to be present between ACM patients with or without an identifiable mutation (35), but 

a recent meta-analysis recognised some common features of ACM patients with desmosomal mutations, 

such as inverted anterior pre-cordial T-waves, epsilon waves, or arrhythmias with left-bundle branch block 

morphology (69). Overall, DSG2 variants seem to be associated with more severe cardiac dysfunction and 

higher risk of heart failure (31). In addition, a prevalent involvement of LV dysfunction and heart failure 

amongst FLNC, DSP and PLN mutation carriers has been found (6) (29) (70). Moreover, multiple mutation 

carriers have a higher risk of malignant ventricular arrhythmias (VA) and sudden death (6) (71) (72).  

Despite the advances, there are still many difficulties in understanding the phenotypes associated with 

specific pathogenic mutations, thus the assessment of a reliable prognosis is not feasible. Desmosomal 

versus non-desmosomal mutation downstream effects can be compared in the same cell type, as an in vitro 

surrogate, to better understand the involved disease mechanisms and consequent phenotypes (73). 
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Table I1. List of the genes linked to ACM.  

Gene Protein Structure or Location ACM Prevalence * Phenotype 

PKP2 Plakophilin-2 ID/desmosome 23.4–57.6% RV dominant ACM 

DSP Desmoplakin ID/desmosome 1.6–15.7% 
RV, LV, and biventricular ACM,  
Carvajal syndrome (recessive), 

palmoplantar keratoderma. 

DSG2 Desmoglein-2 ID/desmosome 4.0–20.4% RV and biventricular ACM 

DSC2 Desmocollin-2 ID/desmosome 1.0–8.3% 
RV, LV, and  

biventricular ACM 

JUP Plakoglobin ID/desmosome <1–3.0% 
RV dominant ACM,  

Naxos disease (recessive). 

CTNNA3 α-T-catenin ID/area composita 
<2.6% (among ACM cases 

without common mutation) 
RV dominant ACM 

DES Desmin 
Intermediate 

filaments/cytoskeleton 
<1–2.2% RV and biventricular ACM. 

LMNA Lamin A/C Nuclear envelope 3.5–3.7% RV and biventricular ACM. 

PLN Phospholamban Sarcoplasmic reticulum 2.2–12.4% 
RV, LV, and  

biventricular ACM. 

TMEM43 
Transmembrane 

protein 43  
Nuclear envelope/ID <1–2.2% 

RV, LV, and  
biventricular ACM. 

TTN Titin Sarcomere 
<1% (18.4% of ACM cases 

negative for variants in common 
genes) 

RV and biventricular ACM. 

FLNC Filamin C Sarcomere/ID 
<1% (7.5% of ACM cases 

negative for variants in common 
genes) 

RV, LV, and  
biventricular ACM. 

SCN5A 
Sodium channel 

Nav1.5 
Cell membrane/ ID <1–1.8% RV dominant ACM. 

TJP1 Zonula occludens 1 ID/tight junction 
<1% (<5% of ACM cases negative 

for variants in common genes) 
RV, LV, and  

biventricular ACM 

CDH2 N-Cadherin ID/adherens junction 
<1% (2.7% of ACM cases 

negative for variants in common 
genes) 

RV and biventricular ACM 

ANK2 Ankyrin B Z-lines/T-tubules Unknown RV dominant ACM. 

 

* Prevalence calculated by the percentage of ACM cases with an identified mutation in the gene of interest vs. 

total ACM cases. Abbreviations: ACM, arrhythmogenic cardiomyopathy; ID, intercalated discs; LV, left 

ventricle; RV, right ventricle.  
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1.3.2 Phenotype variability 

Incomplete penetrance and variable expressivity often characterize ACM families, strengthening the 

concept that other genetic and/or environmental factors may play a modifying role (1) (74) (75) (76) (77). 

Indeed, also patients that are carriers of the same causative mutations can have different manifestation of 

the disease. In studies of ACM monozygotic twins, differences in symptom onset, disease severity and 

arrhythmic risk were reported (78) (79). Thus, the understanding of which cofactors can modulate the 

manifestation of the disease represent a key clinical need. The identification of modifiable risk factors and 

genetic markers will improve ACM prognosis, by providing novel therapeutic targets.  

1.3.2.1 Compound and digenic heterozygosity 

The co-inheritance of different disease alleles of a single gene (compound heterozygosity) and the co-

inheritance of disease alleles of two different genes (digenic heterozygosity) contribute to ACM expression 

and penetrance (39) (65) (71) (80) (81). Xu et al., screening 198 ACM patients for desmosomal gene 

variants, found 38 patients, carriers of PKP2 variants. Among them, 9 were carriers of additional variants in 

PKP2 itself (compound heterozygosity), whereas 13 carried variants in other desmosomal genes (digenic 

inheritance). Relatives harbouring only one variant were asymptomatic (65). The study of Rasmussen et al. 

corroborated these findings: analysing 12 ACM families, he found that only subjects with digenic 

heterozygosity clinically expressed the disease (82). Indeed, subjects with multiple mutations can have a 

mixed clinical manifestation of the disease, but generally show more severe phenotypes, such as LV and 

RV dilation, than subjects carrying a single mutation (81). In addition, this complex genetic status represents 

an independent risk factor for malignant arrhythmias and SCD, in a “dose-dependent” manner (71).  

The frequency of compound and digenic heterozygosity in ACM probands could imply that pathogenic 

variants potentially occur in the general population more frequently than previously supposed (81).  
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1.3.2.2 Modifier genes 

Beside compound and digenic inheritance, also modifier genes could have a role in ACM. A modifier gene 

is defined as a contributing variant of unknown significance that can enhance the phenotypic expression of 

another putatively pathogenic variant (83). The impact of modifier genes may elicit strong effects 

(“monogenic-like model”) or milder effects (“multifactorial-like model”) (83) (Figure I4). However, despite 

the advanced genetic tools available today, the detection of genetic modifiers remains very challenging, 

due to the difficulty for certain diseases to clearly define the clinical phenotype, for which searching the 

modifier genes, and to choose the study population (83).  

Sen-Chowdhry et al. have proposed that modifier genes can regulate various clinical parameters in ACM 

patients, among which LV and RV ejection fraction (84).  

1.3.2.3 Exercise-induced mechanical stretch  

A relevant lifestyle risk factor is physical exercise, exacerbating the risk of worst disease outcomes and 

sudden cardiac death. In particular, 25% of sudden cardiac death among athletes are secondary to ACM in 

Italy (85). Sen-Chowdhry et al. reported larger RV volumes and lower RV function in 11 endurance athletes 

compared to an ACM non-athletic cohort (29). Moreover, ACM athletes develop symptoms at younger age 

and have higher incidence of ventricular arrhythmias and heart failure, possibly dependent on β-adrenergic 

signalling activation (86) (87). Thus, it is accepted that mechanical stretch, caused by intense physical 

exercise, can be deleterious in a context of genetically compromised cell-to-cell adhesion, triggering cell 

disruption, necrosis and fibro-adipose replacement (88).  

Physical activity has a greater impact on the RV than on the left one (89). Different studies demonstrated 

that intense exercise provokes a reduction in RV function without changes in LV (90) (91). Indeed, RV 

structure and cellular composition are suited to tolerate a small mechanical stress, leading to a 

disproportionate afterload increase and wall stress during intense exercise (89). 

In addition, the amount of practiced exercise, both as intensity and duration, has to be taken into account. 

For ACM patients, an inverse relationship between the amount of performed exercise and RV and LV 
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ejection fraction was found (92). Moreover, the high-intensity exercise seems to be more deleterious than 

long-duration milder exercise for adverse outcomes (93). Therefore, it has been evaluated if the genetics 

of each patient could be useful to calculate the maximum amount of exercise that can be practiced, 

considering this dose-dependent impact. ACM patients with desmosomal mutations practicing exercise are 

more predisposed to early disease onset, worst structural abnormalities and stronger arrhythmic risk (86) 

(94). Non-desmosomal mutation carriers have to exercise more intensely to become clinically affected (95) 

(96). Multiple mutation carriers require very little exercise for ACM expression (Figure I4). Despite these 

results, in clinical practice, exercise restriction is still advised for all ACM genetic causes to reduce disease 

progression (1) (86).   

In addition, the hypothesis of exercise-induced forms of ACM is increasingly accepted since repeated 

sessions of exercise, even in the absence of desmosomal mutations, may cause junction disruption (97). 

Indeed, a study demonstrated that patients with a clear ACM diagnosis but without an identifiable mutation 

and with no family history were for the majority high-level endurance athletes (95) (96).  

1.3.2.4 β-adrenergic signalling 

The sympathetic nervous system (SNS) is involved in many arrhythmic diseases (98). As part of the 

autonomous nervous system, it is responsible, also in physiological conditions, through the fight-or-flight 

response, of the regulation of involuntary processes, such as the heart rate or blood pressure  (99). 

Adrenergic nerves, that are in contact with cardiac cells (100), release neurotransmitters (e.g. adrenaline 

and noradrenaline) that are sensed by the cardiac adrenoreceptors, inducing a positive inotropic heart 

response (101) (102) (103).  

The role of SNS in ACM has been proposed due to the recurrent occurrence of ventricular tachyarrhythmias 

during exercise, mental stress, or catecholamine provocation. Moreover, the use of antiadrenergic agents 

as antiarrhythmic drugs confirms the involvement of the adrenergic system in ACM (104). Different studies 

demonstrated, using 123I-Meta-Iodobenzylguanidine scintigraphy, that ACM patients have an abnormal LV 

and RV sympathetic innervation (105) (106). Moreover, ACM myocardium has a strongly reduced post-
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synaptic β-adrenergic receptor density, possibly due to the increased firing rates of SNS efferent neurons 

rather than a defective presynaptic catecholamine uptake (107). These alterations seem to be independent 

of the extent of fibro-fatty substitution, although cardiac substrate alterations could induce anatomic 

denervation and re-innervation processes, enhancing the susceptibility to catecholamines (108). More 

likely, SNS dysfunction is possibly due to frequent premature ventricular contractions and wall stress that, 

boosting afferent sympathetic activity, provoke a significant reflex increase in the cardiac sympathetic 

efferent drive (108). In addition, desmosomal mutations affect intracellular calcium cycling, inducing 

catecholamine sensitivity (44), and some ACM-associated genes have adrenergic-dependent functions 

(109).   

β-adrenergic signalling is counted among ACM phenotypic modulators. There is also a strict crosslink of β-

adrenergic signalling with physical exercise, described above as the main cofactor of ACM expressivity 

(110), and emotional stress (111). Therefore, all these cofactors can cooperate worsening disease 

phenotypes.    

1.3.2.5 Sexual hormones 

ACM affects mainly men than women, with 3:1 ratio (1), although the disease is usually transmitted with 

an autosomal dominant trait. In addition, the disease expression differs between genders. Male ACM 

patients develop life-threatening ventricular arrhythmias at an earlier age as compared to females (112). 

Moreover, men have larger RV volumes, lower RV ejection fraction, and a more severe LV involvement than 

ACM female patients (112). Accordingly, mild forms are usually more frequent in women. This is in line with 

previous studies on healthy subjects, indicating larger ventricular volumes in men (113) (114).  

Recently, Akdis et al. correlated the higher incidence of ACM in men than in women with sexual hormone 

levels, among which testosterone, independently of the causative mutation (115). In general, testosterone 

increases the risk of cardiovascular diseases (116), whereas estrogens (e.g. estradiol) seems to exert 

protective effects (117). Accordingly, in male ACM patients, the elevated serum levels of testosterone are 

associated with major arrhythmic cardiovascular events (MACE), while MACE-positive female patients have 
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significantly reduced estradiol levels (115) (118). Specifically, to obtain an optimum sensitivity and 

specificity for MACE prediction, the testosterone cut-off value has been setting to >13.5 nmol/l (115). The 

modulatory role of sexual hormones in ACM phenotypic manifestation has been confirmed in vitro: 

testosterone treatment increased apoptosis and lipogenesis in human induced pluripotent stem cell-

derived cardiomyocytes (hiPSC-CM), indicating its potential pathogenic role (115).  

Interestingly, ACM manifestation usually occurs after pubertal development, during adolescence or young 

adulthood (119), corroborating sexual hormone role. 

1.3.2.6 Inflammation 

Inflammation has a key role in ACM pathogenesis and progression (120). Various studies have reported 

inflammatory infiltrates in ACM hearts (13) (24). Importantly, they are mostly found in ACM left-dominant 

or biventricular forms, often associated with severe manifestations of the disease (19). A genetic 

predisposition or susceptibility to infections cannot be excluded in ACM (13). The presence of myocardial 

inflammation can be non-invasively detected through 67Ga scintigraphy (121), or analysing circulating pro-

inflammatory cytokines (122).  

Conflicting studies are present in literature regarding the role of inflammation as a primary event or a 

consequence of cell death in ACM (123) (124), but the presence of inflammatory infiltrates in the patients’ 

hearts often indicate an ongoing myocardial damage (19). As for other cardiovascular conditions, the 

absence of resolution of the inflammatory process can over-stimulate the substrate remodelling, with 

pathological repercussions on fibrosis and arrhythmias (125). The interplay between different ACM 

phenotypic modulators could be proposed also in the context of ACM immune response (123). 
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Figure I4. Relative influence of genetics, sex and exercise in ACM pathogenesis. 

 

 

From Hoorntje et al., Cardiovascular Research, 2017; doi: 10.1093/cvr/cvx150  
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1.4 Pathogenic mechanisms  

Several mechanisms participate to ACM pathogenesis and most of them are directly dependent on 

causative mutations (Figure I5). The desmosomal impairment leads to a reduced resistance of cardiac tissue 

to mechanical stress, provoking cell detachment. Cardiomyocyte loss is a key process in ACM pathogenesis, 

contributing to the progressive atrophy of the ventricular myocardium (126). It is mediated either by 

necrotic, as demonstrated by the sarcolemma disruption, myofilament disintegration and mitochondrial 

swelling (9), or apoptotic programmed cell death, as verified by chromatin condensation, nuclear 

fragmentation and presence of caspase 3 (127).  

Inflammation contributes to ACM pathological characteristics (124) (123). Pro-inflammatory cytokines are 

known to induce fibrotic cardiac remodelling, stimulating the differentiation of fibroblasts in myofibroblasts 

(22) (125) (128) (129). In addition, infiltrating macrophages can replace resident cardiac macrophages, 

necessary to support electrical excitation propagation in physiological conditions, and thus contribute to 

the arrhythmogenic phenotype (130). The cytokine production seems not only restricted to inflammatory 

cells, but also performed, although for a limited extent, by cardiomyocytes and cardiac fibroblasts (123) 

(131). The autocrine action of cytokines may impair ion channel function, promoting arrhythmias (123). In 

addition, the adipose tissue, typically found in ACM hearts, could represent another source of pro-

inflammatory cytokines (132).  

The suppression of Wnt signalling pathway also participates to ACM pathogenesis (133). Wnt signalling 

pathway is involved in cell proliferation, cell polarity, cell fate determination, and tissue homeostasis in 

physiological conditions (134). The desmosomal protein PG has a key role in this context. Under normal 

conditions, PG is mainly found at the intercalated discs, but ACM desmosomal impairment can lead PG to 

translocate into the nucleus (135) (136). Due to its high homology to β-catenin, an important mediator of 

the canonical Wnt pathway, PG can compete with β-catenin for the binding of the Wnt pathway-associated 

transcription factors, named T cell/lymphoid-enhancing binding (TCF/LEF), inducing the transcription of 

pro-adipogenic genes, among which peroxisome proliferator activated receptor gamma (PPARγ) (133) 

(136).  
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In addition, Wnt/β-catenin pathway is cross-linked to Hippo signalling pathway. Hippo signalling pathway 

controls cell proliferation, survival, mobility, and differentiation (137). In ACM, intercalated disc 

remodelling decrease protein kinase C α levels, resulting in the activation of neurofibromin-2 (138). The 

latter phosphorylates Yes-associated protein (YAP), the Hippo pathway effector, causing YAP sequestering 

of β-catenin, and reinforcing the effect of Wnt pathway impairment in ACM (139).   

Due to the wide nature of ACM-associated mutations, the involved pathogenic mechanisms extend beyond 

the desmosome to include the cellular mechano-transduction machinery (140) (141). Indeed, adhesion 

impairment alters cell mechano-transduction and mechano-sensing. Hippo pathway may have a role also 

in this context, regulating gene transcription basing on mechano-sensing, thus responding to mechanical 

forces generated from cell-cell contacts, cell-extracellular matrix interaction, and microenvironment (142).  

The arrhythmic phenotype is caused both by re-entry conduction mechanisms due to cardiomyocyte death 

and fibro-adipose substitution, and by proper alterations in ion channel expression levels and localisation 

and in cell-cell electrical coupling. Functional gap junction formation and maintenance rely on stable 

mechanical connections between adjacent cells (143). In addition, PKP2 and the gap junction proteins 

coexist in the same macromolecular complex (144).  In ACM, due to desmosomal alterations, gap junction 

remodelling occurs, with Cx43 mislocalization and Nav1.5 sodium channel reduction at intercalated discs 

(145) (146) (147) (148).  

Moreover, PKP2 regulate the expression of proteins involved in calcium cycling, such as RyR, ankyrin-B, 

Cav1.2, and calsequestrin 2 (44), thus the remodelling of the calcium handling machinery is likely to be 

numbered among ACM pathogenic mechanisms (149) (150). In addition, mutations in genes encoding for 

the calcium cycling machinery, as RYR2 and PLN, are reported as causative in ACM (149).  

The activity of RhoA GTPase, involved in transcriptional regulation during cardiomyocyte differentiation, is 

under PKP2 control (151). RhoA is highly expressed in ACM myocardial tissue and leads to the 

overexpression of adipogenic differentiation inducers (152). 

Also microRNAs are putatively involved in ACM pathogenesis. MiR-21-5p and miR-135b are differently 

expressed in ACM versus healthy control cardiac tissue (153), possibly with a role in fibrotic remodelling 
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(154). Both microRNAs can also modulate Wnt and Hippo signalling pathways (155) (156). PKP2 reduction 

in ACM decreases also miR-184 levels, provoking the upregulation of its target gene PPARγ and consequent 

enhanced adipogenesis (157). In ACM plasma samples, the reduction of mir-320a has also been reported 

(158), with a potential implication in the adipogenic process and Wnt pathway regulation (159) (160).  

Recently, the presence of circulating anti-DSG2 autoantibodies has been described in ACM patients, and 

speculations were presented about their possible role in gap junction functional impairment (161).  

Nevertheless, a broader knowledge of ACM pathogenic mechanisms still needs to be acquired, since other 

molecular players are likely involved.  
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Figure I5. Overview of the main pathogenic mechanisms of ACM. 

a) In the healthy cardiomyocyte, desmosomes form strong intercellular connections with neighbouring 

cells. Connexin 43 (Cx43) and the sodium channel (Nav1.5) are appropriately positioned as a result of 

coordinated trafficking and membrane tethering. Β-catenin has a structural function in adherens junctions 

as well as a role in modifying transcriptional activity through activation of Wnt-dependent gene expression. 

Cytoplasmic β-catenin is quickly degraded. The Hippo pathway is ‘off’, allowing transcription of genes 

promoting cardiomyocyte survival, function and growth. Calcium flux is well regulated in the sarcoplasmic 

reticulum; b) In ACM, multiple signalling pathways are perturbed: disruption of the desmosomes and 

adherens junctions leads to increased mechanical stress; plakoglobin can dissociate from the desmosome 

and inhibits Wnt-dependent gene transcription; activation of the Hippo pathway promotes a pro-apoptotic 

and adipogenic phenotype; microRNAs can modulate both Hippo and Wnt signalling; active Hippo signalling 

can further inhibit canonical Wnt signalling; dysregulation of calcium handling; abnormal shuttling and 

tethering of both the sodium channel and Cx43; increased pro-inflammatory and profibrotic cytokine 

production, including TGFβ1.  

 

From Austin et al., Nature Reviews Cardiology, 2018; doi: 10.1038/s41569-019-0200-7.  
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1.5 Diagnosis 

The clinical diagnosis of ACM is particularly challenging for the age-related progression, the huge 

phenotypic variability and the incomplete penetrance of the disease. For these reasons, a univocal gold-

standard diagnostic test is absent. The diagnostic process is based on the fulfilment of the ACM Task Force 

Criteria, originally proposed in 1994 (162) and revised in 2010 (163), to increase their sensitivity for early 

and familial disease (164) (165). The criteria could be major or minor, according to the specificity to ACM 

features, and comprise ventricular structural and functional changes, depolarization and repolarization ECG 

abnormalities, arrhythmias, cardiac tissue characterization, familial/genetic background. A summary of 

current Task Force Criteria is reported in Figure I6. The diagnosis is confirmed when two major, one major 

and one minor, or four minor criteria are obtained. The “borderline” diagnosis is based on one major and 

one minor criterion, or three minor criteria. The “possible” ACM diagnosis includes one major or two minor 

criteria (163).  

Unfortunately, although the 2010 revision of the diagnostic criteria, many issues regarding their complexity 

and high error probability are still present (166) (167). Different clinicians proposed a further simplification 

of the current criteria to reduce misdiagnosis risk (168), but they are still not transposed into clinical 

practice. An additional improvement of the Task Force Criteria is needed to enhance the recognition of 

early forms of ACM and to better characterize the non-classic presentations of the disease (169) (170).  

1.5.1  Structural and functional changes 

The use of non-invasive imaging approach, based on echocardiography and cardiac magnetic resonance, is 

essential to assess structural and functional changes (171). Parameters such as ventricular wall thickness 

and motion abnormalities, ejection fraction and fractional area shortening are measured since wall motion 

abnormalities, defined as regional akinesia, dyskinesia, or dyssynchrony, combined with RV dilation and/or 

RV dysfunction, are required for ACM diagnosis (163). The identification of mild structural changes in the 

RV seems not particularly reliable using conventional echocardiography (172), whereas cardiac magnetic  
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resonance represents the gold standard to measure ventricular volumes and function, with high intra-

observer and inter-observer reproducibility (173) (174). It can also be implemented with late gadolinium 

enhancement, although its use is not included in the current Task Force Criteria for fibro-fatty tissue 

detection (173) (175) (176). Unfortunately, cardiac magnetic resonance is not applicable for patients with 

certain implanted cardiac devices.  

1.5.2  ECG abnormalities 

Fibro-adipose replacement can create repolarization and conduction defects, causing potentially life-

threatening ventricular tachycardia (VT). ECG major criteria include inverted T-waves in V1- V3 precordial 

leads without complete right bundle branch block (RBBB), the presence of epsilon wave, and increased QRS 

complex duration. Minor criteria are inverted T-waves in V1- V2 leads, or V4, V5, V6 in the absence of 

complete RBBB, or inverted T-waves in V1- V4 leads in the presence of complete RBBB. 

Nevertheless, about 30% of patients with morphological criteria for ACM does not fulfil the 2010 ECG 

criteria (177), because they may present less specific ECG abnormalities (e.g. ST-segment modifications or 

QRS fragmentation) (178) (179), indicating the need for further improvements of diagnostic criteria.  

1.5.3  Arrhythmias 

Ventricular arrhythmias are usually related to scar extent or abnormal adrenergic stimulation. They 

commonly occur as sustained or non-sustained ventricular tachycardia with a left bundle branch block (LBBB) 

pattern, compatible with the RV origin. They represent a major criterion if initiating from the RV inferior wall 

or RV apical sites, whereas a minor criterion if they originate from the RV outflow tract. In addition, frequent 

premature ventricular contractions can be present.  

1.5.4  Tissue characterization 

The analysis of cardiac biopsy specimens is performed to detect cardiomyocyte loss, fibrous tissue and 

inflammatory infiltrates (180). The recognition of adipose substitution is not anymore included in the  
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diagnostic parameters (181), although it could be determinant in borderline cases. The reduced amount of 

plakoglobin at cardiac tissue, although potentially useful, is still not used in the clinical practice, because of 

the lack of information about the reproducibility and diagnostic accuracy (135).  

The diagnostic yield of endomyocardial biopsies is increased when is performed in combination to 

electroanatomic voltage-guide mapping, in order to confine the tissue sampling to pathological areas (182) 

(183) (184). Nevertheless, since the bioptic procedure is invasive and, in some cases, associated with clinical 

complications, it has to be avoided if not strictly necessary and it can be performed only in highly specialized 

centres (185).  

1.5.5  Familial/genetic background 

The evaluation of family history relies on the confirmation of ACM diagnosis in a first-degree relative for Task 

Force Criteria fulfilment, or at autopsy or surgery. Also the identification of a pathogenic mutation 

categorized as associated or probably associated with ACM in the patient is considered a major criterion 

(163).  
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Figure I6. Summary of 2010 Task Force Criteria. 

 

From Gandjbakhch et al., Journal of the American College of Cardiology, 2018; 

doi:10.1016/j.jacc.2018.05.065. 
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1.5.6  Differential diagnosis  

The achievement of a conclusive diagnosis for ACM patients is often complicated by the several pathologic 

conditions with which ACM shares common features.  

Idiopathic right ventricular arrhythmias originating from the right ventricular outflow tract (RVOT) are not 

easily distinguished from ACM-associated arrhythmias (186), both often presenting left bundle branch 

block morphology and inferior axis deviation. Different management procedures are performed for the two 

conditions, as RVOT patients have usually a benign course (187); thus, their discrimination is required (188).  

Of highly diagnostic challenge is myocardial scarring associated with myocarditis or sarcoidosis, often 

difficult to be discriminated from ACM (189) (190) (191) (192). 

ACM and Brugada Syndrome (BS) are both inherited disorders predisposing to sudden cardiac death with 

similar arrhythmic manifestations (193) (194). Also rare RV structural anomalies in BS patients have been 

reported (195). Interestingly, mutations in SCN5A, usually causative in BS context, have been found also in 

ACM patients (196), whereas PKP2 mutations, typical of ACM, are reported also in BS patients (197). Thus, 

the genetic-based diagnosis appears further intricate.  

An arrhythmogenic phenotype occurs in a large amount of dilated cardiomyopathy (DCM) patients (198), 

often fulfilling ACM Task Force Criteria (163).  

Cathecholaminergic polymorphic ventricular tachycardia (CPTV) and ACM has been proposed as 

phenocopies (199), since mutations in RYR2, provoking calcium handling impairment, are associated with 

both the diseases (200).  

In addition, the discrimination between ACM and athlete’s heart is often devious, since endurance training 

provokes RV dilation and reduced function (201) (202) (203) (204). The extreme haemodynamic stress 

induced by exercise may also promote arrhythmogenic remodelling, mimicking ACM arrhythmic phenotype 

(89).  Nevertheless, the impairment of RV systolic function, being usually associated only with ACM, could 

represent a useful diagnostic tool to discriminate between the two. Moreover, no wall motion 

abnormalities are usually identified in healthy athletes (205).  
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1.6 Management and prevention 

ACM is characterized by a strong risk of malignant arrhythmias and sudden cardiac death. Thus, the main 

goal for ACM management is to avoid these worst consequences and prevent disease progression. The 

therapeutic approach comprises lifestyle changes, pharmacological intervention, use of implantable 

cardioverter defibrillator (ICD), ventricular arrhythmia ablation, and, if needed, heart transplantation (206) 

(207).   

Sport restriction, especially for the participation in high-intensity endurance training, is advised to reduce 

the risk of malignant ventricular arrhythmias and disease progression (92) (208) (209). 

To control the arrhythmic burden, the prescription of anti-arrhythmic drugs is necessary. No proper 

systematic assessments of the efficacy of anti-arrhythmic strategies exist in ACM context, but the available 

evidence advocates amiodarone and sotalol, alone or in combination with beta-blockers, the election drugs 

to prevent symptomatic arrhythmias (210). The treatment with calcium channel blockers is adopted in 

patients with catecholamine-triggered arrhythmias, but they have limited efficacy for re-entry arrhythmias 

management (211).   

The only proper life-saving approach is constituted by ICD implantation, able to prevent sudden cardiac 

death and improving long-term prognosis, through the termination of life-threatening arrhythmias (207) 

(212). The efficacy and safety of ICD is reported in several observational studies on large ACM populations 

(213) (214) (215). Interestingly, a study reported that the concomitant treatment with anti-arrhythmic 

drugs does not protect against most ICD appropriate interventions, indicating that they may not confer 

adequate defence against SCD, and further confirming the unavoidability of ICD implantation (216).  

Catheter ablation is additionally proposed to patients with frequent recurrence of ventricular arrhythmias, 

despite the anti-arrhythmic therapy. Scar regions, constituting arrhythmogenic substrates, can be 

identified by either electrophysiological or electroanatomical mapping (206). The combination of 

endocardial and epicardial ablation seems to be more effective in reducing the frequency of arrhythmic 

episodes (217) (218) (219) (220).  Since catheter ablation does not demonstrate considerable effects on  
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SCD risk reduction and survival increase, it cannot be considered a valid substitute of ICD (221).   

In the late phases of the disease, ACM patients may develop heart failure, thus their therapy is 

implemented with diuretics, angiotensin-converting enzyme (ACE) inhibitors or aldosterone inhibitors, and 

heart transplantation, in the worst scenarios (206). 

Unfortunately, to date no mechanism-based therapies are available, and a definitive cure does not exist 

(123). Gene therapies could represent a possibility in the future (222). Moreover, the deepening of ACM 

molecular mechanism knowledge would be useful to propose new therapeutic strategies.  

The identification of parameters determining the risk of worst clinical outcomes is particularly important in 

ACM context, also to ascertain the best management strategy both for ACM patients and family members 

(223). A prediction model to define individualized 5-year risk for ventricular arrhythmias in ACM has been 

recently created (www.arvcrisk.com) and may guide clinicians in the primary prevention choices (224). 

Nevertheless, since ACM is a progressive disease, patients should undergo life-long periodical follow-up to 

re-examine the risk of SCD and optimize the therapeutic approach (206).  

  

http://www.arvcrisk.com/
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1.7 Cellular models 

In vitro modelling of ACM, by using cardiomyocytes, cardiac progenitor cells, cardiac stromal cells, and non-

cardiac cells, helped to unravel disease pathogenic mechanisms, including its genetic bases, as well as its 

cellular, signalling and molecular alterations (Figure I7) (73).  

Figure I7. Cellular models for ACM in vitro studies.  

From Sommariva et al., Disease Model and Mechanisms, 2017; doi:10.1242/dmm.029363 

1.7.1  Cardiomyocytes   

Human adult cardiomyocytes are considered the ideal model for ACM modelling, but their isolation and 

maintenance in culture is challenging. Thus, many researchers have exploited murine immortalized 

cardiomyocytes, such as HL-1 line (225). The main advantages of using cell lines is their scarce variability 

among samples and the possibility to easily introduce genetic mutations of interest to evaluate the 

downstream effects. HL-1 cells facilitated the understanding of ACM causative mutation impact (226) (227) 

(228) (229) (230) (231) (232) (233), the impairment of Wnt and Hippo pathway (133) (139), and the gap 

junction remodelling (197) (234) (235) (236). Since HL-1 cells are of atrial origin, they are not able to fully 

recapitulate ventricular myocyte features. Moreover, showing disorganised sarcomeres and channel  
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selective expression, they are not suitable for contraction or electrophysiological studies.  

Primary myocytes, both neonatal and adult, from ACM transgenic murine models have been characterized, 

also through electrophysiological studies (147) (237) (238). Although they provided further insights about 

ACM pathogenesis, they are limited by their non-human origin.  

This limitation can be overcome by using human induced pluripotent stem cells-derived cardiomyocytes 

(hiPSC-CM) (239) (240) (241). This in vitro model is potentially unlimitedly available, suitable for high-

throughput screening, and, since it carries patients’ genome, appropriate for precision medicine studies. In 

contrast, the foetal-like phenotype of hiPSC-CM, the high variability among clones from the same donor, 

and handling difficulties represent shortcomings in their use.  

3D micro-tissue models have the potential to improve disease modelling. Indeed, different cardiac cell 

types can be obtained from the same hiPSC-derived cardiac mesoderm, creating an isogenic multicellular 

model composed by CM, endothelial cells and cardiac fibroblasts. The presence of the three main cardiac 

cell types in the same model can induce CM maturation, without requiring specialized devices, mechanical 

load, or scaffolds (242). 

1.7.2  Progenitor cells 

Cardiac progenitor cells possess a stem-cell-like multipotency, thus they represent an interesting cell type 

to model the fibro-adipose substitution process in ACM. They are usually quiescent in the adult heart, but, 

after injuries, they can be activated and differentiate towards diverse phenotypes (243). Several resident 

progenitor populations have been described in the adult heart, characterized by different cell surface 

markers (73). C-kit+/Sca1+ cells are counted among them. In ACM context, murine C-kit+/Sca1+ cells from 

JUP transgenic mice helped to confirm the pivotal role of PG as mediator of myogenesis-to-adipogenesis 

switch (244).  

Epicardial cells are considered progenitor cells because, after injuries, they are able to undergo epithelial-

to-mesenchymal transition and differentiate into fibroblasts, smooth muscle and endothelial cells (245), as 

well as to secrete paracrine factors (246). In ACM context, they were advantageous to recognise Cx43 
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involvement (144), and to evaluate PKP2 loss effects as for lipid accumulation and myofibroblast 

differentiation (38).  

Also murine fibro-adipocyte progenitors, connoted by platelet-derived growth factor receptor α (PDGFRα) 

expression, were useful to investigate ACM fibro-fatty substitution mechanisms (247).  

1.7.3  Cardiac mesenchymal stromal cells 

Cardiac mesenchymal stromal cells (C-MSC) are non-contractile cells, required to preserve cardiac 

functional homeostasis both in physiological and pathological conditions (248) (249). They are 

characterized by a residual multipotency toward mesenchymal lineages (250), thus they can differentiate 

into adipocytes and contribute to the adipose substitution in ACM hearts (20).  

Human adult C-MSC constitute a good in vitro model to study ACM adipogenesis, since they can be directly 

isolated from ACM patient cardiac biopsies (185). As primary cells, isolated C-MSC carry patients’ genetic 

background. Thus, their behaviour is influenced by ACM causative mutations, that induce PG translocation 

into the nucleus and the consequent Wnt pathway impairment, triggering C-MSC adipogenic differentiation 

(20).  

1.7.4  Non-cardiac cells 

Besides cardiac cell models, in vitro studies of ACM mechanisms were performed also with non-cardiac cell 

lines, such as HEK293T and COS cells, in order to simplify the modelling process and overcome the limitation 

of human myocardial sample paucity. Non-cardiac cell lines have been primarily exploited for functional 

tests on newly identified ACM-associated mutations (51) (251) (252).  
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1.8 Animal models 

The only spontaneous animal model of ACM is represented by Boxer dogs, that widely resemble human 

clinical and pathological features (253) (254).  

Thanks to genetic technology advances, other in vivo models have been developed for the systematic 

examination of the pathways involved in ACM pathogenesis (255).  

The main advantage of animal model use relies on the possibility to analyse phenotypic changes dependent 

only by a specific genetic background, complemented, if appropriate, with the environmental cofactors of 

interest. However, ACM animal models do not fully recapitulate patient disease. For instance, no ACM in 

vivo models develop abundant cardiac adipose tissue. Nevertheless, ACM animal models have contributed 

to deepen disease molecular mechanisms and represent a good platform for drug testing.    

1.8.1  Models of desmosomal mutations 

PKP2 is the most frequently mutated gene in ACM patients (256) and several studies have tried to 

characterize its impairment in animal models. Whole Pkp2 knockout (KO) mice shows embryonic lethality, 

being PKP2 essential for cardiac development (257). Conversely, Pkp2 heterozygous KO mice (Pkp2+/-) are 

viable and fertile, thus available for research studies (257), but they display only a mild ACM cardiac 

phenotype, with impaired desmosomes and sodium current dysfunction upon provocative test (147) (258). 

The reduction of Pkp2 affects the whole body in this murine model. The cardiac-specific and tamoxifen-

inducible Pkp2 KO model better recapitulate ACM features, as cardiac fibrosis, Cx43 impairment, and LV 

and RV dilation (44) (45). In addition, different transgenic models resemble the expression of PKP2 

truncated protein and are characterized by cardiac remodelling if subjected to physical exercise (259) (260). 

Nevertheless, cardiac restricted full-length PKP2 loss results in more severe cardiac defects.  

Zebrafish models have also been used to study PKP2 mutations. PKP2 zebrafish embryos showed decreased 

heart rate, a reduced number of ID, and abnormal ventricular looping. As demonstrated also in ACM murine 

models, PKP2 have both a structural and a signalling role in heart development (261).  
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Different Dsp transgenic models, either homozygous and heterozygous, showed embryonic lethality (262) 

(263). However, cardiac-specific Dsp KO mice are available and display ventricular enlargement and 

biventricular cardiomyopathy, other than Cx43 defects (145). In addition, Dsp heterozygous KO mice have 

been generated. Despite the high mortality, they manifest Wnt pathway impairment, with PG delocalization 

into the nucleus (133). Further, Gomes et al. demonstrated that cardiomyocyte-specific Dsp 

haploinsufficiency lead to Cx43 reduction and alterations in conduction–repolarization kinetics prior to 

morphological changes (238). The cardiac-specific overexpression of R2834H Dsp mutation further confirm 

the deleterious effect of endurance exercise when desmosomes are impaired (264). Additionally, Dsp-

deficient zebrafish recapitulate Wnt, TGFβ, and Hippo pathway alterations (265). 

Dsg2 KO mice, besides the high mortality rate, display increased ventricular volume, reduced ejection 

fraction, arrhythmias, and cardiac fibrosis (266) (267) (268). In these mice, the inhibition of glycogen 

synthase kinase-3β (GSK3β), a modulator of the Wnt-β catenin pathway, moderated the pathologic 

phenotype (269). Different Dsg2-mutation overexpression animal models have been created, showing 

typical ACM clinical features, as ventricular arrhythmias and cardiac dysfunction (8) (9) (270).  

To date, there is almost no model available to study Dsc2 deficiency. The only existing transgenic mice are 

characterized by Dsc2 cardiac overexpression, that, although not representative of any known ACM-linked 

variants, show biventricular dysfunction, necrosis, inflammation and fibrotic remodelling (271). Moreover, 

Dsc2 KO zebrafish exhibit desmosomal structure alterations (272).  

As most desmosomal gene homozygous KO models, also Jup deficiency provokes embryonic lethality (273) 

(274), but Jup heterozygous KO mice are viable and predisposed to ventricular arrhythmias, in absence of 

structural remodelling (275) (276). Also cardiac-specific conditional Jup KO models were generated, 

displaying cardiomyocyte loss, fibrosis and RV dilation (277) (278). Conversely, the cardiac overexpression 

of mutant PG increased mouse mortality (244).  

1.8.2  Models of non-desmosomal mutations 

Fewer ACM animal models have been generated to recapitulate ACM non-desmosomal mutations (31).   
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RYR2 mutations, although their association to ACM is still controversial, have been mimicked in different 

murine models (279) (280) (281), but only Ryr2-p.R176Q+/- knock-in mice partially recapitulate ACM 

phenotype, showing adrenergic-induced ventricular arrhythmias (280).  

Different murine and zebrafish models carry Scn5a mutations and show conduction defects and 

biventricular cardiomyopathy (282) (283) (284) (285). Scn5a homozygous mice are embryonically lethal 

(286).  

Phospholamban mutations, responsible of disturbed calcium homeostasis, have been introduced in 

transgenic mice, producing a phenotype covering both ACM and DCM. These murine models show 

ventricular dilation, myocardial fibrosis, and impaired calcium handling (287) (288).  

The role of TMEM43 in ACM can be assessed by different mouse models (289) (290). The closest model to 

severe human phenotype is characterized by cardiac-specific TMEM43-p.S358L overexpression, showing a 

significant biventricular impairment, fibro-adipose substitution, and diminished survival (291).  

Mouse models carrying Lmna missense mutations have been produced, but their phenotype does not 

overlap with those of ACM patients (292).  

Des-deficient mice are characterized by fibrosis and myocardial degeneration, but they only partially mimic 

human ACM (293).  

Cttna3 conditional KO mice are available and display a progressive cardiomyopathy phenotype, comprising 

LV dilation and reduced ejection fraction, due to junctional alterations (294).  

The effects of reduced N-Cadherin can be studied by using cardiac-specific inducible Cdh2 KO mice, that 

develop ventricular arrhythmias and conduction abnormalities (295) (296).  

Only inducible cardiac-specific Flnc KO mice are available, showing cardiac fibrosis and dysfunction, 

because global and cardiac-specific KO are embryonically lethal (297).  

Several zebrafish and murine models have been obtained to study TTN mutations (298) (299) (300) (301) 

(302). Most of them show phenotypical overlapping with DCM features with reduced systolic function.  

Although the causative role of TGFβ3 in ACM needs to be confirmed, Tgfβ3 KO mice have been developed, 

but they do not show a specific cardiac phenotype (303) (304).  
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In conclusion, non-desmosomal animal models do not recapitulate specifically ACM features, thus their 

applications are limited.   
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2. Oxidative stress 

Reactive oxygen species (ROS) are oxygen-containing molecules, and include free radicals, species with one 

or more unpaired electrons (e.g. superoxide, O2-; hydroxyl anions, OH-), and compounds which are 

convertible to radicals (e.g. hydrogen peroxide, H2O2) (305).  

ROS are produced as cellular metabolites in physiological conditions (306). The main cell source of ROS are 

the mitochondria, during the so-called free-radical leak. Indeed, not all the electrons, in the mitochondrial 

electron transport chain, are transferred to O2, the final electron acceptor, and this provokes ROS 

production (306). ROS can be produced also in the cytoplasm, cell membrane, endoplasmic reticulum, 

lysosomes, cytoskeleton, and peroxisomes (307). The key enzymes involved in oxidant production are 

NADPH oxidase, xanthine oxidase, myeloperoxidase, and lipoxygenase (308). During pathogen infections, 

ROS can act as host-defending compounds: immune cells produce ROS, after the recognition and 

internalization of pathogens, for their degradation via oxidative burst (309).  

Due to their high reactivity, ROS are able to target any molecule in the cell, such as lipids, proteins, and 

nucleic acids. They also possess signalling properties, including the regulation of kinases, phosphatases, 

and transcription factors (310). In the heart, they control multiple physiological processes, among which 

excitation-contraction coupling, since different calcium channel activity is redox-sensitive (311), and cell 

proliferation and differentiation (312). Thus, at low concentration, ROS are fundamental to maintain 

cellular homeostasis. However, ROS effects depend on their levels and on exposure duration: at higher 

concentrations and as a result of long exposure, they can be deleterious, inducing modifications that 

disturb cell physiology (313).  

The cells are usually able to balance ROS amount, in order to prevent damages, through two different 

strategies: minimization of free-radical leak, increasing mitochondrial respiratory complex expression, and 

production of antioxidants, able to scavenge ROS (312) (314). These latter include both enzymatic (e.g. 

superoxide dismutase, catalase, glutathione peroxidase, and glutaredoxins) and non-enzymatic compounds 

(e.g. vitamins E and C, reduced glutathione, lipoic acid, urate, and ubiquinone).  
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A dysregulation between ROS production and antioxidant mechanisms leads to oxidative stress and to the 

consequent activation of pathologic pathways: ROS may induce genetic mutations, alter protein structure, 

modify intracellular lipids through lipid peroxidation, and cause apoptosis (315) (316). Interestingly, during 

their reaction with target molecules, ROS can directly mediate a further increase of oxidative stress. For 

instance, the ROS-mediated oxidation of plasma membrane fatty acids produces a fatty acid peroxyl radical, 

in turn able to target the adjacent fatty acid, creating a chain reaction that alters membrane integrity and 

permeability (317) (318).  

2.1  ROS in cardiovascular diseases 

Due to the above described mechanisms, ROS overproduction is associated with the pathogenesis and 

progression of many pathological conditions, among which cardiovascular diseases (CVDs). The most 

common risk factors of CVDs, such as smoking, aging, and hypercholesterolemia, are associated with an 

increased ROS production (317). Different in vitro and in vivo studies have described ROS increment in the 

cardiovascular system in response to stressors and in failing hearts (319) (320) (321) (322) (323) (324). Due 

to the key role of myocardial oxygen consumption and availability to guarantee cardiac homeostasis, 

hypoxic conditions can be determinant in oxidative stress production: hypoxia-inducible factor 1α (HIF-1α) 

can modulate the transcription of downstream genes, among which ROS modulators (325) (326) (327).  

CVDs characterized by elevated inflammation are associated with redox balance impairment, due to their 

reciprocal influence (328) (329) (330). Pro-inflammatory stimuli induce ROS production, through NADPH 

oxidase activation and mitochondrial activity enhancement. High amount of ROS mediates NF-kB and 

downstream inflammatory gene upregulation, with consequent cytokine secretion (306).  

Interestingly, cardiac lipid accumulation, that occurs when there is an imbalance between lipid uptake and 

β-oxidation, increases ROS, due to the activation of fatty acid oxidation (331).  

In addition, secondary products of ROS, such as 4-hydroxynonenal and malondialdehyde, can propagate 

oxidative stress effects (332) (333) (334). 
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Cardiomyocytes need a high amount of energy to sustain contraction, thus they possess a considerable 

greater number of mitochondria than other cell types (335). Cardiomyocytes produce more than 95% of 

the energy consumed by the heart (336). For this reason, they could be considered the main source of ROS 

in the heart, but also the contribution of non-myocyte cells to the cardiac oxidative status has been 

reported.  

Oxidative stress is able to elicit cardiomyocyte dysfunction and apoptosis, leading to contractile alterations 

(320) (337). Cardiac hypertrophy is promoted by ROS, as well as cardiac fibrosis, due to fibroblast 

proliferation and secretion of collagen (320) (337). The main pathways that are activated by ROS to induce 

these changes are the extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), p38 

mitogen-activated protein kinase (MAPK), and phosphoinositide 3-kinase (PI3)/protein kinase B (Akt) 

pathways (338). In addition, oxidative stress is one of the major determinants of endothelial dysfunction, 

particularly relevant in atherosclerosis (339).  

2.2  ROS-mediated low density lipoprotein oxidation 

As discussed above, any molecule can be altered by ROS. Low density lipoproteins (LDL) are among those, 

becoming oxidized, in an oxidative stress environment. In physiological conditions, LDL oxidation occurs 

rarely in the blood or cell cytoplasm thanks to the abundance of antioxidant compounds (340). Much of 

the oxidation occurs in the sub-endothelial space of vessels, where the concentration of antioxidants is 

lower. Due to high LDL concentration and increased vascular permeability, also inflammation areas are sites 

of LDL oxidation (308).  

LDL are the main carriers of cholesterol, and they are constituted by a lipid core, including triglycerides, 

cholesteryl esters and unesterified cholesterol, and by a surface monolayer mainly composed of 

phospholipids and the apolipoprotein ApoB-100, necessary for the interaction with the LDL receptor (LDLR) 

(341).  

Although they carry also lipophilic antioxidants (341), LDL can be oxidized both on their lipid and protein 

components. The free radicals oxidize primarily the polyunsaturated fatty acids (e.g. arachidonic and 
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linoleic acids), whereas non-radical oxidants modify directly ApoB-100 (308). When the oxidation regards 

only LDL lipids, minimally-modified LDL are produced; when also Apo-B is subjected to oxidation, fully-

oxidized LDL are obtained (Figure I8). Interestingly, the oxidation process to fully-oxidized LDL seems to be 

mediated by the consecutive activity of several oxidants (308). Moreover, the aldehyde products of 

oxidized LDL (oxLDL) lipid peroxidation (e.g. 4-hydroxynonenal and malondialdehyde) can further modify 

ApoB-100 residues (308). 

 

Figure I8. Low density lipoprotein oxidation. 

 

 From Zmysłowski et al., Lipids in Health and Disease, 2017; doi:10.1186/s12944-017-0579-2 

 

These modifications permanently alter LDL properties. They are no longer capable of binding the LDL 

receptor (LDLR), but they acquired affinity for different receptors among which scavenger receptors (SR). 

SR comprise two classes: SR class A, which includes two subtypes (I and II), and SR class B. SR-A I and II are 

well characterized in the atherosclerosis context, since they are expressed in macrophage-derived foam 

cells (342) (343) (344). Their presence has also been reported in smooth muscle cells and endothelial cells 

(345) (346) (347). However, the uptake of oxLDL by macrophages is largely attributed to CD36, a member 

of the class B of scavenger receptors (348) (349) (350). It is expressed in macrophages, platelets, fibroblasts, 

adipocytes, and endothelial cells (351) (352) (353). CD36 is able to bind not only fully-oxidized LDL, as  
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SR-A, but also minimally-modified LDL. OxLDL uptake by CD36 depends mostly on their lipid moiety (e.g. 

presence of lipid peroxidation), rather than ApoB-100 modifications (352) (349). SR-B1, highly expressed in 

the liver, is included in the class B scavenger receptors, but it binds native LDL and high-density lipoproteins 

(HDL), being involved in reverse cholesterol transport and cholesterol clearance (354) (355) (356) (357) 

(358).  

Lectin-like oxLDL receptor-1 (LOX1) mediates oxLDL uptake mostly in endothelial cells, but its expression is 

inducible in smooth muscle cells and macrophages, and, in general, in vascular-rich organs (359) (360). Like 

SR-A I and II, it recognizes the modified ApoB-100 (361), but it has a higher affinity for the minimally-

modified forms of LDL, possibly through the recognition of lipids covalently bound to the apolipoprotein 

(362). Toll-Like Receptor-4 (TLR4) is a further minimally-modified LDL receptor, expressed in endothelial 

cells (363), myocytes (364), and adipocytes (365). Its role in lipid accumulation induction has been 

described both in vitro and in vivo (366).  

Based on the plurality of receptors and the extent of the oxidation, the biological responses prompted by 

oxLDL could be extremely different and, in some cases, conflicting (308). Indeed, both pro- and anti-

inflammatory properties have been described. The pro-inflammatory response may be mediated by 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), activator protein 1 (AP-1), signal 

transducer and activator of transcription 1 and 3 (STAT 1/3), nuclear factor of activated T-cells (NFAT), and 

specificity protein 1 (SP-1) transcription factors (308) (340). The anti-inflammatory effects may depend on 

the activation of peroxisome proliferator-activated receptors (PPARs), nuclear factor erythroid 2–related 

factor 2 (Nrf2), and heme oxygenase-1 (HO-1) (308). In addition, oxLDL can induce autoimmune responses 

through adaptive and innate mechanisms (308).  

In atherosclerosis, macrophages internalize oxLDL through CD36 receptor, causing their transformation 

into lipid-laden foam cells (367). Indeed, the internalized oxLDL, by means of their main components 13-

hydroxyoctadecadienoic acid (13HODE) and 9-hydroxyoctadecadienoic acid (9HODE), activate the nuclear 

receptor PPARγ, involved in adipogenesis and lipogenesis (368). A feed forward loop is then created, 
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leading to the transcriptional increase of PPARγ itself and CD36, facilitating a further internalization of 

oxLDL (368) (369).  

Also the pro-fibrotic effects of oxLDL, following LOX-1 binding, has been studied: oxLDL stimulates TGFβ1 

expression and Smad pathway activation, increasing the synthesis and secretion of extracellular matrix 

proteins (370) (371).  

oxLDL are also able to increase intracellular ROS production, stimulating NADPH oxidase activity, 

lipoxygenase/cyclooxygenase system, and mediating mitochondrial dysfunction (308) (372) (373) (374).  

In addition, cell death, either for apoptosis and necrosis, has been reported in several in vitro models, 

following oxLDL treatment (375) (376), but the oxidation extent seems to be determinant. Indeed, by using 

minimally-modified LDL, the promotion of cell growth, rather than death, has been described in arterial 

smooth muscle cells, macrophages, and fibroblasts (377).  

Also the effects on angiogenesis are debated and they likely depend on oxLDL concentrations: low amount 

of oxLDL may stimulate the pro-angiogenic factors, through p38-MAPK pathway activation (378) (379) 

(380), whereas high amount has possibly anti-angiogenic effects, due to sphingolipid-mediated 

mechanisms (379) (381).   

2.3  oxLDL in ACM 

Several features of ACM suggest a role of oxidative stress and oxLDL in disease pathogenesis, although their 

contribution has not been fully recognized yet.  

ACM patients are often athletes, and physical exercise is an accepted cofactor contributing to disease 

progression (92). Despite the beneficial role of mild training, linked to HDL increase and transient 

production of ROS necessary to promote beneficial adaptive responses (382) (383), intense activity can 

induce ROS overproduction, thus increasing susceptibility of LDL to oxidation (384) (385) (386). Indeed, 

during high-intensity sport, the greater oxygen demand at tissue level leads to larger ROS leakage from the 

mitochondria, charging the environment with oxidative stress (387). In addition, cardiomyocyte mechanical 

stretch has been linked to ROS production (388). Endurance exercise promotes lipid peroxidation with 
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parallel reduced vitamin E (389). 9- and 13-HODE, which are oxLDL components, have been proposed as 

exercise-induced oxidative stress markers, thus their concentrations are likely increased also in ACM 

patients (390). In addition, 13HODE demonstrated in vitro the capability to induce, through PPARγ 

activation, lipid accumulation in iPS-derived cardiomyocytes, indicating its role as a lipogenesis stimulator 

(240). ACM cardiac remodelling includes adipose substitution of ventricular myocardium, mediated by 

PPARγ upregulation (20) (133) (240) (391), hence the contribution of 13HODE in ACM adipogenesis can be 

hypothesized. This is supported by Parhami et al. work, that demonstrated oxLDL effects on adipogenic 

differentiation of bone marrow mesenchymal stromal cells (392). Since, in ACM hearts, the main 

responsible of adipose substitution are C-MSC (20), increased concentrations of oxLDL could concur in their 

differentiation.  

Moreover, oxLDL and 13HODE can induce apoptosis (393) (394) (395), corroborating the possible link with 

ACM cardiomyocyte death. One possible mechanism involves p53, which is able to reduce peroxisome 

proliferator-activated receptor γ coactivator-1α (PGC-1α) levels, leading to mitochondria dysfunction and 

apoptosis (396) (397).  

The fibrotic remodelling of ACM hearts could be explained by oxidative stress effects: in other diseases, as 

heart failure, ROS trigger cardiac fibrosis (398) (399). Galectin-3 is involved in fibroblast activation to 

produce collagen (400) (401), and interestingly its levels are significantly elevated in ACM patients (402).  

Inflammation often characterizes ACM patients, although it is still not clear if it represents a consequence 

of cardiomyocyte death or an initial trigger (123) (124). For other CVDs, the crosstalk between inflammation 

and oxidative stress has been described, both capable of stimulating each other (403) (404) (405). Pro-

inflammatory cytokines, such as interleukin 6 (IL-6), interleukin 1 (IL-1) and tumor necrosis factor (TNF), 

promote oxidative stress (406), in turn ROS accumulation induces systemic inflammation via formation of 

immunogenic protein adducts, able to trigger the immune response (407) (408) (409).  
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Incomplete penetrance and variable expressivity often characterize ACM families, strengthening the 

concept that other genetic and/or environmental factors may play a modifying role.  

In this regard, several gaps in the literature need to be filled: 

- to identify new molecular phenotype modulators; 

- to detect clinical prognosticators; 

- to obtain etiological therapies.   

As described above, many hints point to a role of oxidative stress and oxLDL in ACM pathogenesis. The aim 

of the present project was to assess if oxLDL/CD36/PPARγ circuitry is a pathogenic trigger in ACM patients, 

focusing on cardiac adipose substitution process. In particular, we hypothesized that, beside the causative 

genetic mutation, higher oxLDL concentration and oxidative stress levels can aggravate the disease clinical 

manifestations, through PPARγ and CD36 hyperactivation (Synopsis figure).  

To verify our hypothesis, we performed the following studies: 

- patients’ lipid profile characterization, ventricular tissue analysis and associations with clinical 

parameters; 

- in vitro experiments, by using human primary C-MSC and hiPSC-CM, to unravel the oxLDL-activated 

mechanisms and test potential pharmacological intervention; 

- in vivo studies on the plakophilin2 heterozygous knock-out model, to recapitulate disease phenotypes, 

in line with our hypothesis, and pharmacologically prevent them.  
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Synopsis figure.  

ACM mutations are necessary but not sufficient for disease penetrance. oxLDL trigger ACM adipogenesis 

by a feed-forward circle: oxLDL components, as 13HODE, are internalized through the CD36 receptors and 

induce PPARγ, leading to further PPARγ and CD36 expression, thus stimulating higher adipogenesis, and 

facilitating oxLDL uptake. 
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Materials and Methods  
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1. Ethics statement  

This study complies with the Declaration of Helsinki and was approved by “IEO-CCM IRCCS” (12/06/2012) 

and by "South Tyrol Azienda Sanitaria" (13/03/2014, N. 1/2014) Ethics Committees. Written informed 

consent was obtained from all participants. Healthy control (HC) cardiac samples were obtained from 

donors (accidental death), from “Treviso Tissue Bank Foundation”.  

2. Study patients’ population  

A total of 67 ACM patients hospitalized at Centro Cardiologico Monzino IRCCS were enrolled for this study. 

ACM diagnosis was reached according to the 2010 International Task Force criteria (163). 36 patients out 

of the total cohort were matched for age, sex and cardiovascular risk factors to 36 HC without a previous 

history of heart disease for plasma analysis. We further enrolled for the plasma analysis 9 ACM patients’ 

relatives with PKP2 mutations but no clinical signs of the disease. Since the group of relatives was not 

perfectly matched for sex and age with the ACM patients used for the comparison, the influence of these 

variables on the relationship of oxLDL and ACM has been excluded by multiple regression analysis (p = 

0.02). 

We obtained blood samples from all the recruited ACM patients and HC. ACM patients and HC taking statins 

or other lipid-lowering drugs were excluded from the analysis. Clinical data were collected for all ACM 

patients, as available: RV ejection fraction (EF) % was determined by cardiac magnetic resonance (CMR); 

RV dysfunction was defined as in (163); major arrhythmic events (MAE) are defined as sustained ventricular 

tachycardia, ventricular fibrillation, appropriate implantable cardioverter device (ICD) intervention, 

aborted sudden cardiac death.  

RV endomyocardial samples were obtained by bioptic procedures from 19 ACM patients.   
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3. Plasma preparation 

Blood samples (5 ml) were collected in EDTA coated tubes and centrifuged at 1500 x g for 15 minutes. 

Supernatants were collected, centrifuged again at 16000 x g for 15 minutes to obtain cells- and platelet-

free plasma, and stored at -80 °C as 400 µl aliquots until usage. 

4. oxLDL in human plasma samples 

Plasma samples from ACM patients and HC were used for the determination of oxidized low density 

lipoproteins (oxLDL) quantity, using a specific Elisa kit (Immundiagnostik). The test recognizes MDA-

modified apolipoprotein B100. The protocol recommended by manufacturers was observed and the 

absorption was determined with a spectrophotometer (Berthold Technologies) at 450 nm. Results were 

interpreted by constructing a dose/response curve according to the standards provided in the kit. 

5. 13HODE quantification 

The determination of plasma 13HODE levels was performed by a liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) method. Briefly, plasma samples (100 µl) were acidified with 1% formic acid, 

mixed with the internal standard (d4-13HODE, final concentration 50 pg/µl; Cayman Chemicals) and purified 

through HLB extraction cartridges (Oasis® HLB 1cc (30 mg), Waters). The eluted fraction was evaporated 

to dryness and reconstituted with 250 µl of water/methanol/acetonitrile (80:10:10, v/v/v) before the LC-

MS/MS analysis. The LC-MS/MS analysis was performed using an Accela HPLC System (ThermoFisher 

Scientific) coupled to a triple-quadrupole mass spectrometer TSQ Quantum Access (ThermoFisher 

Scientific) outfitted with electrospray ionization source operating in negative mode. The chromatographic 

separation was achieved using an XBridge® C18 column (2.1 mm × 30 mm, particle size 2.5 µm, Waters) at 

30 °C. The mobile phase was composed by 2 mM ammonium acetate in water/acetonitrile/methanol 

(87:10:3, v/v/v, at pH 8 by ammonium hydroxide) (solvent A) and 2 mM ammonium acetate in 

acetonitrile/water/methanol (87:10:3, v/v/v, at pH 8 by ammonium hydroxide)  
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(solvent B). The following gradient, at a flow rate of 250 µl/min, was used: 0 minutes – 10% B, 2 minutes – 

35% B, 2.5 minutes – 90% B, 6 minutes – 90% B, 6.5 minutes – 10% B and 12 minutes – 10% B. The analytes 

were detected by multiple reaction monitoring and the transitions monitored (precursor ion > product-

fragment ions) were: m/z 295.1  m/z 276.8, 194.9 (13HODE) and m/z 299.1  m/z 279.9, 197.8 (d4-

13HODE). A linear 6-points calibration curve (range 2-62.5 pg/µl) was used for the quantification. 

6. Genetic analysis 

To investigate a genetic predisposition for oxidized lipid increase in ACM-affected patients, we performed 

exome sequencing on 3 families with low ACM penetrance, in which causative PKP2 mutations were 

identified, analyzing the co-segregation with the ACM phenotype of variants in a selected panel of genes 

associated with dyslipidemia and oxidative stress.  

DNA samples from blood were prepared following the Nextera® Rapid Capture Exome Enrichment kit 

protocol. Libraries for all samples, except Fam3.I.3, Fam3.I.4, and Fam3.II.3, were sequenced on two lanes 

of an Illumina HiSeq in paired-end mode and a read length of 100 bp. The remaining three samples were 

sequenced subsequently on four lanes of an Illumina MiSeq in paired-end mode and a read length of 75 

bp. Nextera adapters were trimmed off using SeqPrep (https://github.com/jstjohn/SeqPrep) and read 

quality was controlled with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads 

were aligned to reference genome GRCh37 with BWA version 0.7.15 (410). Duplicate marking was 

performed with picard tools version 2.8.1 (https://broadinstitute.github.io/picard/). Indels were realigned 

and base quality scores recalibrated using GATK 3.7 (411), following the GATK best practice guidelines 

(412). Quality of bam files was evaluated with QualiMap version 2.2.1 (413), sample contamination 

estimated with verifyBamId (414), and sex validated by inspection of the X chromosome coverage. 

Intermediate per sample gvcfs were generated with the GATK HaplotypeCaller, followed by joint 

genotyping on all individuals with GATK GenotypeGVCFs and additional samples not related to this study. 

Variants were called on the exonic target regions as defined by the Nextera protocol with a padding of 100 

bp around the exons. Variants were annotated with Ensembl gene and variant consequence data using the 
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Dintor gcoords2cons tool (415). For each variant, the annotation of the transcript with the worst 

consequence type as according to Ensembl was selected. 

First, using the Dintor MendelianFiltration tool, variants were selected that were present either in homo- 

or heterozygous form in all affected individuals of all three families, requiring a coverage of at least 10X at 

variant sites in the respective individuals. 

Variants were restricted to those mapped to a gene of the oxidative stress and dyslipidemia gene panel. 

Further, variants were removed if their ExAC EUR allele frequency (AF) (416), their gnomAD NEF AF (416), 

or their 1000 Genomes phase 3 EUR AF (417) was greater than 0.3. Variants were not required to be in 

protein-coding genes. 

Next, each family was analyzed individually. Using the Dintor MendelianFiltration tool, variants were 

selected if present in families’ affected PKP2 carriers, but absent in the same families’ healthy PKP2 carriers, 

requiring a coverage of at least 10X at the variant sites in the relevant individuals. For the selection, variants 

segregating in the affected PKP2 carriers in either a dominant or a recessive mode of inheritance were 

accepted. Variants were restricted to those mapped to a gene of the oxidative stress and dyslipidemia gene 

panel. Further, variants were removed if their ExAC EUR allele frequency (AF) (416), their gnomAD NEF AF 

(416), or their 1000 Genomes phase 3 EUR AF (417) was greater than 0.05. Variants were not required to 

be in protein-coding genes. 

Per sample, an average of 55 million ± 17 million reads mapped to reference genome, resulting in a mean 

coverage of 57X ± 21X, and 87% ± 4% of the exon target region covered at ≥ 10X. The sex of all samples 

was confirmed by inspection of the coverage of the X chromosome and sample contamination was below 

1%. 

7. Bioptic sampling  

Endomyocardial biopsy sampling was performed in ACM-suspected patients for diagnostic purposes, 

guided by CARTO mapping, as previously described (184) (185). A bioptic sample from the RV acquired in 

the area adjacent to the electroanatomical scar was obtained from ACM patients and was processed to 
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obtain heart sections and cardiac mesenchymal stromal cells (C-MSC) (20). HC RV autoptic samples were 

treated with the same protocols. 

8. Heart tissue section preparation and immunofluorescence analysis  

Human ventricular samples were fixed in 4% paraformaldehyde (Santa-Cruz) in phosphate-buffered saline 

(PBS; Lonza) and processed for paraffin embedding. Paraffin-embedded sections (6 μm thick) were de-

waxed in xylene and rehydrated in ascending alcohols. The immunofluorescence analysis was performed 

following antigen retrieval with incubation with target retrieval solution citrate pH 6/microwave (Dako). 

Sections were incubated with primary antibody anti-malondialdehyde (MDA; 1:2500; Abcam) and anti-

CD36 (1:200; BD) at 4 °C overnight. After washing, sections were incubated with the fluorochrome-

conjugated antibody goat anti-rabbit IgG Alexa 488 1:200 (AlexaFluor) for 1 hour at room temperature (RT) 

in the dark. Nuclear staining was performed by incubating sections with Hoechst 33342 (1:1000; Life 

Technologies). Sections were observed by Zeiss Axio Observer.Z1, with Apotome technology, and images 

acquired with the software AxioVision Rel. 4.8. For each explanted heart subject, 5 consecutive slices and 

at least 50 fields for each slice were examined. For ACM bioptic samples, all the samples were sliced and 

examined. See Table M1 for antibody list.  

9. C-MSC isolation and culture  

C-MSC were isolated and cultured as previously reported (20) (185) Figure M1. Briefly, ventricular samples 

were washed with PBS, cut into 2-3 mm pieces and incubated at 37 °C for 1.5 hours under continuous 

agitation in Iscove's Modified Dulbecco's Media (IMDM; Gibco) containing 3 mg/mL collagenase NB4 

(Serva). The digested solution was then centrifuged at 400 x g for 10 minutes, washed with PBS and 

centrifuged again. The obtained pellet was re-suspended in growth medium (GM), consisting of IMDM 

supplemented with 20% fetal bovine serum (FBS; Euroclone), 10 ng/ml basic fibroblast growth factor (R&D 

Systems), 10000 U/ml Penicillin (Invitrogen), 10000 µg/ml Streptomycin (Invitrogen) and 20 mmol/L L-
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Glutamine (Sigma-Aldrich). The cells were seeded onto uncoated Petri dishes (Corning). Non-adherent cells 

were removed after 24 hours. 

The use of different C-MSC samples for different experiments is detailed in Table M2.  

The characterization of isolated C-MSC was performed to confirm their mesenchymal lineage, through 

FACS analysis.  

 

Figure M1. Summary of C-MSC isolation from endomyocardial biopsies procedure. 

 

From Pilato et al., Journal of Visualized Experiments, 2018; doi: 10.3791/57263 
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10. C-MSC immunofluorescence analysis  

C-MSC were plated on 1.8 cm2 chamber slides (ThermoFisher Scientific) at a density of 20000 cells/cm2. 

After 24 hours of culture in basal conditions, C-MSC were washed with PBS and fixed in 4% 

paraformaldehyde in PBS. After the blocking step in 10% goat serum (Sigma-Aldrich), cells were incubated 

with primary antibodies anti-MDA (1:2500; Abcam) and anti-CD36 (1:200; BD) at 4 °C overnight (see Table 

M1). After washing, sections were incubated with the fluorochrome-conjugated antibody goat anti-rabbit 

IgG Alexa 488 1:200 (AlexaFluor) for 1 hour at RT in the dark (see Table M1). Nuclear staining was performed 

by incubating sections with Hoechst 33342 (1:1000; Life Technologies). Sections were observed by Zeiss 

Axio Observer.Z1, with Apotome technology, and images acquired with the software AxioVision Rel. 4.8. 

For each dish, 10 fields were examined.  

11. Glutathione quantification in C-MSC 

Levels of reduced (GSH) and oxidized glutathione (GSSG) were determined by a previously described and 

validated LC-MS/MS method (418). Briefly, cells cultured in GM have been washed twice with PBS, 

detached with trypsin, and then collected and centrifuged at 400 x g for 10 minutes. The supernatant was 

removed, the pellet resuspended in 50 µL of PBS, and proteins were precipitated with 50 µL of 10% 

trichloroacetic acid with the addition of 1 mmol/L EDTA and stored at -80 °C until the analysis. Thawed 

samples were further diluted 1:10 with formic acid 0.1% before the LC-MS/MS analysis. The LC-MS/MS 

analysis was performed using an Accela HPLC System (ThermoFisher Scientific) coupled to a triple-

quadrupole mass spectrometer TSQ Quantum Access (ThermoFisher Scientific) outfitted with electrospray 

ionization source operating in positive mode. The chromatographic separation was conducted on a Luna 

PFP column (2.0 mm × 100 mm, particle size 3.0 µm, Phenomenex) maintained at 35 °C. Analytes were 

eluted under isocratic conditions at 200 µL/min by 1% methanol in 0.75 mM ammonium formate adjusted 

to pH 3.5 with formic acid. The analytes were detected by multiple reaction monitoring and the transitions 

monitored (precursor ion > product-fragment ions) were: m/z 308.1 → m/z 76.2, 84.2, 161.9 (GSH) and 
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m/z 613.2 → m/z 230.5, 234.6, 354.8 (GSSG). A linear 6-points calibration curve (range 0.25-8 µM for GSH 

and 0.008-0.25 µM for GSSG) was used for the quantification. 

12. C-MSC transcriptome sequencing 

Total RNA of HC and ACM C-MSC was isolated using TRIzol Reagent (ThermoFisher Scientific), precipitated 

through the ammonium acetate/ethanol method and, then, treated with DNAse (TURBO DNAse; 

ThermoFisher Scientific) to remove genomic DNA contamination. The total RNA concentration and quality 

were assessed. Poly(A)+ RNA enrichment was performed using Dynabeads mRNA DIRECT Micro Kit 

(ThermoFisher Scientific) starting from 6 μg of total RNA. Barcoded libraries were constructed using Ion 

Total RNA-Seq Kit v2.0 and Ion Express RNA-Seq Barcode kit (Thermo Fisher Scientific) following the 

manufacturer’s instructions. Briefly, after poly(A)+ RNA fragmentation using RNAse III, hybridization and 

ligation of barcoded adapters for stranded RNA sequencing were performed, followed by reverse 

transcription. cDNA fragments of 200 bp of each sample were amplified by 16 cycles of PCR using the 

specific “Barcode BC primers” for library demultiplexing and quantified on the 2100 Bioanalyzer system 

(Agilent Technologies, Santa Clara, CA, United States). One hundred pM diluted libraries were randomly 

pooled (six samples per pool). Templated Ion sphere particles preparation and chip loading were, then, 

performed by the automated Ion Chef System and Ion 550 Kit-Chef reagents and disposables. Loaded Ion 

550 Chips were run on Ion GeneStudio S5 Prime System (all kits and instruments for sequencing were 

provided by Thermo Fisher Scientific). 

Sequential aligning of raw reads was performed against the GRCh38 Human Genome reference with the 

most updated version of the “Spliced Transcripts Alignment to a Reference (STAR)” software (419) and with 

“Bowtie2” (420) to align locally any reads not mapped by STAR. Gene expression quantification and 

annotation were computed by “featureCounts” (421). 

Raw count data were imported into the R software v3.5.0. and filtered to retain genes with a minimum of 

10 counts in at least 50% of the samples. Differential expression analysis was performed by a negative 

binomial GLM approach (using the edgeR/Bioconductor package) (422) (423) along with the estimation of 
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latent variables, technical batch effects, or biological confounding variables, for adjusting the statistical 

model (using the RUVSeq R/Bioconductor package) (424). The number of K factors was chosen by 

comparing unadjusted vs. adjusted expression data by the use of diagnostic plots, i.e., relative log 

expression (RLE) plot, scatter plot of the first two principal components derived from PCA performed on 

total data, and histogram of the P-value distribution for testing the differential expression between LV vs. 

RV. A K = 3 factor of “unwanted variation” showed the best trade-off between data adjustment and the risk 

of data overcorrection and was, thus, used as covariates for model adjustment in a paired-sample data 

analysis. Genes were deemed as significantly different for FDR-adjusted P-value < 0.05. The reliability of 

the differential expression analysis results was further assessed by exploring the histograms of the P-value 

distribution, which showed a uniformly flat distribution across the unit interval (null P-values) with a peak 

near zero (P-values for alternative hypotheses) (425). 

Functional inference analysis took advantage of prior biological knowledge of genes grouped by pathways 

and used for GSEA (software v4.0) (426). Gene sets of various pathway repositories were retrieved as a 

unique, merged Gene Matrix Transposed file format (∗.gmt) from the Bader Lab gene-set collections1 to 

perform a single GSEA run. A combined gene rank score (cs) was applied to weigh the relevance of the 

genes by taking into consideration both the magnitude [i.e., log2 fold change (FC)] and the statistical score 

of the gene expression differences [likelihood ratio (LR)] and was used as the gene-ranking metric for the 

GSEA pre-ranked tool option. Other GSEA parameters included 10,000 permutations and gene-set size limit 

ranging from 10 to 250 genes. To reduce redundancy and highlight grouping of functionally related gene 

sets, GSEA results were visualized through an enrichment network of the most significant pathways (FDR 

q-value < 0.05) with the Enrichment Map Software v.3.2.1 (427), implemented as a plug-in in the Cytoscape 

v.3.7.1 platform (428). 

13. Flow cytometry - C-MSC 

To confirm the mesenchymal lineage of C-MSC, cells cultured in the basal medium were detached with 

TrypLETM Select Enzyme (ThermoFisher Scientific), incubated with FITC/APC/PE-conjugated antibodies in 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7327120/#footnote1
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100 μl PBS, and analyzed by flow cytometry (Gallios, Beckman Coulter). The antibodies used are the 

following: CD29, CD44, CD105, CD90, (mesenchymal markers), CD14, CD31, CD34, CD45 (endothelial and 

hematopoietic markers), and HLA-DR (immunogenicity marker). 

To evaluate C-MSC oxidative status, cells cultured in basal medium were incubated 30 minutes with 10 μM 

2′,7′-Dichlorofluorescein diacetate (DCF; Sigma-Aldrich), detached with TrypLETM Select Enzyme 

(ThermoFisher Scientific) and analyzed by flow cytometry (Gallios, Beckman Coulter). The mean FITC 

fluorescence was measured. 

To determine the correlation between CD36 expression and lipid accumulation, cells were stained using 

12.5 ng/ml Nile Red (Invitrogen), to mark intracellular neutral lipids, and 2.5 μl of anti-CD36 antibody (Life 

Technologies; Table M1). The mean of the fluorescence was determined for Nile Red and CD36 for each 

sample. 

To quantify the DiI oxLDL internalization, cells were treated with 10 μg/ml DiI oxLDL for 3 hours, detached 

with TrypLETM Select Enzyme (ThermoFisher Scientific) and acquired with FACS Gallios (Beckman Coulter). 

The mean APC fluorescence was determined for each sample. 

14. Western blot - C-MSC 

Total proteins from C-MSC were obtained by Laemmli lysis buffer. After quantification with DC protein 

assay (Biorad), proteins were run on SDS-PAGE gel (NUpage precast 4-12%; Invitrogen) and transferred to 

nitrocellulose membrane (Biorad). The membrane was blocked in 5% skimmed milk-TBS for 1 hour at RT 

and incubated overnight at 4 °C with primary antibodies against GAPDH, PPARγ, CD36, TLR4, SR-A, LOX-1 

(see Table M1). After washes, the membrane was incubated 1h at RT with the appropriate HRP-conjugated 

secondary antibody goat anti-rabbit or goat anti-mouse (GE healthcare). Blots were washed and developed 

with the ECL system (BioRad). Images were acquired with the Alliance Mini 2M System (UVITEC Cambridge) 

and densitometric analysis was performed using Alliance Mini4 16.07 software (UVITEC Cambridge). Data 

are normalized reporting to 1 the comparison group to highlight the differences between different groups 

or treatment.  
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15. OxLDL internalization assay - C-MSC 

C-MSC were plated on 1.8 cm2 chamber slides (ThermoFisher Scientific) at a density of 20000 cells/cm2 

either in growth (GM) or adipogenic medium (AM) for 3 days. 10 μg/ml DiI oxLDL (ThermoFisher Scientific) 

were added. After 3 hours, the cells were fixed for 5 minutes in 4% paraformaldehyde in PBS, stained with 

Hoechst 33342 (1:1000; Life Technologies) and the slides mounted. Pictures were acquired with Zeiss Axio 

Observer.Z1, with Apotome technology. For the quantification of intracellular DiI, other cells from the same 

cultures were treated as described above and acquired with FACS Gallios (Beckman Coulter).  

16. Analysis of C-MSC lipids 

Cell lipids were extracted by hexane/isopropanol 3:2, plus butylated hydroxytoluene 0.005% as antioxidant. 

Known amounts of proper internal standards (stigmasterol, cholesteryl heptadecanoate, 

tryheptadecanoin, nonadecanoic acid; Sigma Aldrich) were added for the analysis of free (FC) and esterified 

cholesterol (CE), triglycerides (TG) and free fatty acids (FFA), respectively. Lipid extracts were dried in a 

steam of nitrogen, aliquoted and conserved at -80 °C in the dark, until use. 

An aliquot was loaded onto pre-run and activated channeled Silica TLC plates (BioMap) and run in hexane-

diethyl ether-acetic acid (80:20:1 vol/vol/vol). The plates were then sprayed with dichlorofluorescein 

(0.15% in ethanol) and the spots corresponding to those of FC, FFA, TG and CE standards were identified 

by UV light and scraped out of the TLC.  

Samples were analyzed by a gas-liquid chromatographer (GLC 1000; DANI Instruments) equipped with an 

autosampler HT300A (HTA), a fused silica column (MEGA-5 30 m length, 0.3 mm diameter, 0.15 µm film 

thickness; Mega Columns) and a flame ionization detector. Hydrogen flow was at a constant pressure of 

1.2 bar. The oven temperature was constant (260 °C, 8 minutes run) for FC, while ranged from 120 °C to 

300 °C for FFA, TG, CE (total run 45 minutes). 

FC were resuspended in hexane/isopropanol and analyzed without derivatization. The other lipid classes 

were processed with methanolic acid 3 N at 30-80 °C for 30-120 minutes and analyzed for their fatty acid  
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content. Peaks were identified by comparing their retention times with those of standard and their area 

determined by a dedicated software (Clarity). To calculate the total mass of each lipid class, the areas of all 

the peaks corresponding to the fatty acids were summed and the real mass determined by comparison 

with the area of the internal standards. Results were normalized by the number of cells in each dish (µg 

lipid/106 cells). 

17. oxLDL preparation 

Fresh plasma purchased from healthy donors (Niguarda Ca’ Granda Hospital, Milano) was brought to a 

density of 1.019 g/ml with KBr and subsequently centrifuged at 40,000 rpm for 16 hours to remove VLDL 

particles. After this operation, the gradient was adjusted to a density of 1.063 g/ml and samples centrifuged 

for further 24 hours at the same speed. LDL were then isolated, dialyzed for 48 hours at 4 °C, sterilized by 

filtration (0.22 μm; Millipore) and then characterized for their protein and cholesterol content. Aliquots of 

2-3 ml were oxidized by addition of an equal volume of CuSO4 (final concentration 2.7 mM) for 18 hours, 

under stirring. Oxidation was documented by agarose gel electrophoresis and by gas-liquid 

chromatography analysis, by which we monitored the specific disappearance of polyunsaturated fatty 

acids, namely linoleic-, arachidonic and eicosapentaenoic ones. OxLDL were then utilized for cell culture 

experiments, under sterile conditions. 

18. C-MSC treatments 

The medium used to prompt the adipogenic differentiation of C-MSC consists of IMDM supplemented with 

10% FBS (Euroclone), 0.5 mmol/L 3-isobutyl-1-methylxanthine (Sigma-Aldrich), 1 µmol/L hydrocortisone 

(Sigma-Aldrich), 0.1 mmol/L indomethacin (Sigma-Aldrich), 10000 U/ml Penicillin (Invitrogen), 10000 µg/ml 

Streptomycin (Invitrogen) and 20 mmol/L L-Glutamine (Sigma-Aldrich). For the preparation of adipogenic 

medium (AM), refer to (185). 

C-MSC were plated in AM at a concentration of 20000 cells/cm2 and treated with 150 μg/ml oxLDL (see the 

paragraph “oxLDL preparation”), 20 μg/ml 13HODE (Cayman) or 5 mmol/L N-acetylcysteine (NAC; Sigma-
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Aldrich), a known thiolic antioxidant (429). After 72 hours, treatment effects were evaluated by Oil Red O 

(ORO; Sigma-Aldrich) staining and western blot analysis.  

19. C-MSC lipid staining 

C-MSC were plated at a concentration of 20000 cells/cm2 and cultured in AM. Fat accumulation was tested 

by ORO (Sigma-Aldrich) intracellular lipid staining. In detail, C-MSC were stained with 1% ORO (Sigma-

Aldrich) solution in 60% isopropanol for 1 hour after 5-minute fixation with 4% paraformaldehyde in PBS. 

After 5 washes in PBS to ensure the removal of unbound dye, quantitative results were obtained by 

evaluating luminance in the 255 red channel with the ImageJ program (at least 10 fields were evaluated 

per condition per patient). 

20. PKP2 silencing 

HC C-MSC were plated at a density of 12500 cell/cm2 in growth medium and transduced with pooled 

lentiviral particles containing shRNAs targeting both variants of human PKP2 (Gene ID 5381) in psi-LVRU6GP 

(with U6 promoter, eGFP reporter, puromycin resistance; Genecopeia) or with the correspondent 

scrambled control lentiviral particles (Genecopeia) for 24 hours. After checking the transduction efficiency 

by detection of the GFP signal, 2 μg/ml puromycin was added to select transduced cells.  

After cell amplification, PKP2 reduction was assayed by Western Blot. Scrambled control and PKP2 shRNA 

C-MSC were plated in AM at a concentration of 20000 cells/cm2 and treated with 150 μg/ml oxLDL. After 

72 hours, treatment effects were evaluated by Oil Red O (ORO; Sigma-Aldrich) staining.  

21. CD36 knockdown in C-MSC 

C-MSC were cultured for 24 hours in low serum medium without antibiotics (IMDM, 2% FBS (Euroclone) 

and 20 mmol/L L-Glutamine (Sigma-Aldrich). 0.05 µM of Human Silencer Select Pre-designed CD36 siRNA 

(4392422-S2646 siRNA; Life Technologies) or 0.05 µM Silencer Select Negative Control (4390844 scramble; 

Life Technologies) and 4 µl lipofectamine RNAiMAX (Life Technologies) were added to 300 µl of Optimem  
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medium (Life Technologies). After 15 minutes at RT, the transfection reactions were added to the cells in 

1.5 ml low-serum/no antibiotics medium. After 24 hours the medium was changed to AM supplemented 

with 150 µg/ml oxLDL for the following 72 hours. CD36 reduction was confirmed by Western blot at the 

end of the experiment. The effects of CD36 silencing were evaluated by ORO (Sigma-Aldrich) staining, 

western blot analysis and oxLDL internalization assay.  

22. PPARγ antagonism in C-MSC 

C-MSC were cultured for 72 hours in AM with 5 μM GW9662 (Sigma Aldrich). The treatment was added to 

the medium every 8 hours. To check oxLDL internalization, 10 μg/ml DiI oxLDL (ThermoFisher Scientific) 

were added 3 hours before the end of the experiment, following the protocol described above (see “OxLDL 

internalization assay”). Pictures were acquired with Zeiss Axio Observer.Z1, with Apotome technology and 

images acquired with the software AxioVision Rel. 4.8. For each biological sample, 10 fields were examined. 

The effects of PPARγ antagonism on CD36 expression were evaluated by western blot.  

23. Generation of ACM and HC hiPSC 

Two clones of hiPSC from one ACM patient, carrying the deletion of the whole PKP2 exon 4 leading to a 

predicted truncated protein (p.N346Lfs*12), and one HC of the same family were obtained as previously 

described (430). Peripheral blood mononuclear cells (PBMCs) were isolated from human buffy coats after 

whole blood centrifugation. Every hiPSC line has been generated using episomal vectors carrying OCT3/4, 

SOX2, KLF4, and L-MYC. The obtained hiPSC were characterized for the expression of the pluripotency 

markers SSEA-4, OCT3/4, TRA-1-80, SOX-2, TRA-1-60 and alkaline phosphatase, and the karyotype analysis 

was performed.  

24. Cardiomyogenic differentiation of hiPSC 

hiPSCs were propagated on Matrigel® (Corning) coated plates and the cardiomyogenic differentiation was 

performed using PSC Cardiomyocyte Differentiation Kit (Thermo Fisher Scientific). After 30 days, 
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cardiomyocytes were dissociated at single cells using Multi Tissue Dissociation Kit 3 (Miltenyi Biotec) and 

enriched by magnetic separation with the QuadroMACS™ Separator and PSC-Derived Cardiomyocyte 

Isolation Kit (Miltenyi Biotec). Cells were then maintained in culture for additional 25 days in the following 

different conditions: growth medium (composed by High Glucose DMEM (Gibco), 2% of Hyclone Fetal 

Bovine Defined (GE Healthcare Life Sciences), 1% of Non-Essential Amino Acids, Penicillin/Streptomycin 

and 0,09% of β-mercaptoethanol), and Adipogenic Medium (growth medium supplemented with 50 μg/ml 

Insulin (Sigma-Aldrich), 0.5 μM Dexamethasone (Sigma-Aldrich), 0.25 mM 3-isobutyl-1 methylxanthine 

(IBMX) (Sigma-Aldrich), 200 μM Indomethacin (Sigma Aldrich) with 5 μM Rosiglitazone (Vinci-Biochem)). 

The culture medium was changed every other day. Cells were analyzed through immunofluorescence and 

FACS analysis. 

25. hiPSC-CM immunofluorescence analysis 

Cells were fixed with 4% paraformaldehyde for 15 minutes and then permeabilized (PBS with 0,1% Triton 

X100) for 10 minutes at RT. Cells were then blocked in PBS with 5% Goat serum for 1 hour at RT and 

incubated with anti-αSARC overnight at 4 °C (see Table M1). After washing, cells were incubated with the 

proper secondary antibody for 1 hour at 37 °C. Intracellular lipid droplet accumulation was evaluated using 

BODIPY 493/503 assay (D3922 Thermo Fisher Scientific; dilution 0.1 µg/ml in PBS) incubated for 20 minutes 

at RT and nuclei were stained with DAPI (Invitrogen R37606). The images were acquired using confocal 

microscopy (Leica Microsystem CMs GmBH Type: TCSSP8X) and analyzed with ImageJ software. Intensity 

fluorescence was normalized on nuclei number. 

26. hiPSC-CM flow cytometry analysis 

Cells were dissociated at single cell using Multi Tissue Dissociation Kit 3 (Miltenyi Biotec), following 

manufacturer’s instructions and blocked in FACS buffer (PBS containing 0.5% FBS and 2 mM EDTA). Cells 

were incubated with anti-CD36 (see Table M1) for 15 minutes at 4 °C avoiding direct light and then washed 

and resuspended with FACS buffer. Cardiomyocytes were identified and gated based on their forward and 
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side scatter using the S3 Cell Sorter (Biorad); median fluorescence intensity (MFI) of PE was calculated on 

the gated cells. Data were analyzed using FlowJo software. Median intensity fluorescence is presented as 

MFI(PE) sample – MFI(PE) isotype. 

27. hiPSC-CM transcriptome sequencing 

The transcriptome sequencing of hiPSC-CM cultured in GM and AM+rosiglitazone was performed. RNA was 

extracted using TRIzol reagent (ThermoFisher Scientific). The concentrations and the quality of the samples 

were assessed. 500 ng of RNA for each sample were used for the preparations of the libraries, using the 

QuantSeq 3' mRNA-Seq Library Prep FWD (Lexogen). Samples were sequenced using the platform 

HiSeq2500, following the protocol SR1000. Raw reads were aligned against the genome (Homo Sapiens 

assembly GRCh38) using STAR. Gene quantification was carried out using HTSeq-count reporting all reads 

falling within exon boundaries of a gene. Subsequent statistical analysis was performed in R using the 

DESeq2 package employing a model adjusting for potential sex biases. Raw p-values for significance of 

differential expression were adjusted for multiple hypothesis testing using the method from Benjamini and 

Hochberg for a strong control of the false discovery rate (FDR). 

28. ACM murine model: Pkp2+/- mice 

C57Bl/6 Pkp2 heterozygous knock-out mice (Pkp2+/-) were produced by Prof. Birchmeier, as described 

(257). The homozygous mice were embryonic-lethal, while heterozygous mice were healthy and fertile. For 

our experiments, we used 20 C57Bl/6 Pkp2+/- mice and 20 siblings C57Bl/6 wild type (WT), as controls. 

Experiments were authorized on 27/07/2015 by the Italian Ministry of Health, protocol n. 779/2015-PR. 

29. Murine C-MSC isolation and culture  

Explanted hearts from 5 WT and 5 Pkp2+/- mice (age: 10 weeks) were washed with PBS, cut into 2-3 mm 

pieces and incubated at 37 °C for 1 hour under continuous agitation in IMDM containing 3 mg/mL 

collagenase NB4. After a PBS wash, the pellet was re-suspended in GM and seeded. Non-adherent cells 
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were removed after 24 hours. AM medium was used to prompt the adipogenic differentiation of murine 

C-MSC for 6 days.  

30. High fat diet 

10 WT and 10 Pkp2+/- mice (age: 10 weeks) were fed for 3 months with a high-cholesterol (279.6 mg/kg) 

and high-fat (60% kcal) diet (HFD; OpenSource DIETS) (431).  

5 WT and 5 Pkp2+/- mice were fed with chow diet (CD; OpenSource DIETS) and euthanized at 14.30 ± 1.46 

months of age, when disease manifestation, if any, should have happened. 

Heart volumes and functionality were assessed before the beginning of the diet and every month by 

echocardiography. Bodyweight was monitored every month. Blood samples were taken before and after 

the diet. At sacrifice, hearts were explanted after perfusion with saline solution. Sections of heart 

specimens were used for lipid accumulation analysis, PPARγ, MDA and CD36 immunofluorescence staining. 

31. High fat diet plus atorvastatin 

9 WT and 9 Pkp2+/- mice (age: 10 weeks) were fed for 3 months with a HFD (Open Source D12492) to 

which 20 mg/kg atorvastatin were added. Heart volumes and functionality were assessed before the 

beginning of the diet and every month by echocardiography. Bodyweight was monitored every month. 

Blood samples were taken before and after the diet. At sacrifice, hearts were explanted after perfusion 

with saline solution. Sections of heart specimens were used for lipid accumulation analysis, PPARγ, MDA 

and CD36 immunofluorescence staining. 

32. Echocardiographic analysis  

Transthoracic echocardiography was performed using the Vevo2100 high-resolution imaging system 

(VisualSonics) and a 40-MHz linear transducer with simultaneous electrocardiographic recording, as 

previously reported (432). Analyses were performed on mice lightly anesthetized with 0.5% to 1% 

isoflurane (heart rate: 480–550 beats/min) at the following time points: 1 day before starting the diet (pre-
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diet) and on 1, 2 and 3 months of HFD or HFD+atorva, or at 14.30 ± 1.46 months of age for mice fed with 

CD.  

RV parameters in systole and diastole were acquired from a parasternal long-axis view and measured from 

images acquired in M mode, using the depth interval (in millimeters) generic measurements tool (433) 

(434) (435).  

Two-dimensional short-axis M-mode echocardiography was performed at the level of the midpapillary 

muscle to measure left ventricular (LV) parameters, in systole and diastole. 

All measurements were averaged from a minimum of three cycles during diastole and systole 

corresponding to the electrocardiogram. Data and imaging were analyzed using the VisualSonics Cardiac 

Measurements Package by a blinded investigator. Parameters were normalized on mice heart weight. 

33. Murine blood sampling  

Mice were anesthetized with 4% isoflurane and maintained asleep with 1% isoflurane. The blood sampling 

was performed through tail vein using 25G needle, after tail pre-heating and local application of anesthetic.  

Whole blood was collected into EDTA–coated tubes (Fisher Scientific). Separated plasma was obtained after 

centrifugation for 15 minutes at 2000 x g at 4 °C and stored at -80 °C until the analysis. 

34. Total cholesterol distribution in lipoproteins from mouse plasma 

50 μl of mouse plasma have been injected twice in an HPLC system (Jasco 920; Jasco), with a pre-column 

(6mm ID x 4cm; Tosoh), two consecutive inverse phase, size-exclusion, anionic-exchange TSK-GEL 

LIPOPROPAK XL (7.8mm ID X 30cm) columns (Tosoh) and with a UV-VIS detector (Jasco). Readings were 

performed at a 280 nm. The mobile phase consisted of 6.9 g of sodium monobasic phosphate, 50 mg BRIJ 

and 30 ml isopropanol per liter (pH 8). 

We divided each sample in 50 fractions (one every minute) and we collected those from #22 to #45, 

corresponding to VLDL, IDL, LDL, HDL. Each obtained fraction (1 ml) was frozen at -80 °C, lyophilized and 
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then reconstituted with 200 μl of water. On portions of these samples, total cholesterol was measured by 

commercial colorimetric kits (ABX Pentra) at 490 nm by a spectrophotometer (BioRad). 

35. oxLDL in murine plasma samples 

For the quantitative determination of oxLDL in murine plasma samples before and after the HFD or 

HFD+atorva, Mouse Oxidized Low Density Lipoproteins ELISA kit was used (CUSABIO), following 

manufacturer instruction. Absorbance was determined with a spectrophotometer (Berthold Technologies) 

at 450 nm. Results were inferred according to a calibration curve constructed using the standards provided 

in the kit. 

36. Histological characterization of Pkp2 +/- hearts. 

Explanted hearts from WT and Pkp2+/- mice, both in CD, HFD and HFD+atorva conditions, were fixed in 4% 

paraformaldehyde (Santa-Cruz) overnight at 4 °C. The following day, after 3 washes in PBS, the hearts were 

transferred in 15% sucrose in distilled water overday at RT, and then in 30% sucrose in distilled water 

overnight at 4 °C. The explanted hearts were embedded in OCT (ThermoFisher Scientific) and stored at -80 

°C until use. After sectioning with a cryostat (ThermoFisher Scientific), OCT embedded sections (6 μm thick) 

were de-frosted and washed twice in PBS. The immunofluorescence analysis was performed following 

blocking in 2% goat serum (Sigma-Aldrich) for 30 minutes. Sections were incubated with primary antibodies 

anti-PPARγ, anti-MDA, anti-CD36, anti-CD105, anti-troponin T and anti-perilipin1 at 4 °C overnight. After 

washing, sections were incubated with the fluorochrome-conjugated antibodies goat anti-rabbit IgG 

Alexa488 (1:200; AlexaFluor), Streptavidin-Alexa Fluor 594 (1:200; AlexaFluor), goat anti-rabbit 546 (1:200; 

AlexaFluor), goat anti-guinea pig 488 (1:200; AlexaFluor) for 1 hour at RT in the dark. Nuclear staining was 

performed by incubating sections with Hoechst 33342 (1:1000; Life Technologies). Sections were observed 

with Zeiss Axio Observer.Z1, with Apotome technology, and images acquired with the software AxioVision 

Rel. 4.8. For each explanted heart, at least 10 fields for 5 consecutive transversal slices were quantified. 

See Table M1 for antibody list.  
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For the lipid accumulation analysis, the sections were stained with ORO (Sigma-Aldrich) for 1 hour at RT 

and then washed 5 times in PBS to ensure the removal of the aspecific dye. Quantitative results were 

obtained by evaluating red area vs. total tissue area (all the section surface of 5 consecutive slices for each 

sample were quantified). 

37. Fat infiltration analysis at CMR 

Intramyocardial fat mass was evaluated as previously described (436) (437) (438). Briefly, steady state free 

precession (SSFP) were used and the following acquisition parameters were applied: 30 phases, 10-25 

views per segment, NEX 1, FOV 40 cm, a matrix of 224 x 224, a 60° flip angle, TR 3.6-4.2 and TE = TR/2.  

Images were acquired using a 1.5-T unit (Discovery MR450, GE-Healthcare, Milwaukee, MN). Fat in the 

ventricular myocardium appears as a hyperintense area surrounded by a hypointense band, the so called 

‘‘Indian Ink’’ artifact (436). Manual contouring of the Indian Ink artifact (including the black contour) was 

drawn and its extent was measured. 

38. Statistical analysis  

Discrete variables are analyzed with Fisher’s exact test. Continuous variables are reported as mean ± 

standard error. Comparisons between normally distributed groups were performed using either paired or 

unpaired two-tailed Student's t-tests, whereas populations without a Gaussian distribution were compared 

using Mann-Whitney tests. Multiple regression analysis was performed to exclude the influence of 

confounding variables. Comparisons between three or more groups were performed with two way-ANOVA 

test, in association with Bonferroni multiple comparison post-tests. When both intragroup and intergroup 

values are tested, red lines and asterisks identify test differences within the same group, while intergroup 

differences are in black. X-Y correlation analyses have been determined. Comparison of slopes of linear 

regressions was performed with the following method: t= (b1-b2) / sb1, b2 where b1 and b2 are the two 

slope coefficients and sb1, b2 the pooled standard error of the slope. Receiver Operating Characteristic 

(ROC) plots was used to determine the oxLDL level cut-off value with optimal sensitivity and specificity in 
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discriminating ACM patients vs. HC individuals. Kaplan-Meier curves were performed to determine the 

actual risk of MAE, and analyzed through Log-rank (Mantel-Cox) test. Statistics were performed using 

GraphPad Prism software. Results were considered statistically significant for p values < 0.05. 

 

Table M1. Antibody list. 

 

 
 

 

 Protein Antibody Host Company Dilution 

A
n

ti
-h

u
m

an
 

MDA ab6463 Rabbit Abcam IF 1:2500 

CD36 610882 Mouse BD IF 1:200- WB 1:1000 

CD36 
A15724 (clone CB38 – 

NL07) 
Mouse Life Technologies FACS on C-MSC 1:50 

CD36 A15777 (clone TR9) Mouse Life Technologies FACS on hiPSC-CM 1:100 

GAPDH sc-25778 Rabbit   Santa Cruz WB 1:1000 

PPARγ sc-7273 (clone E-8) Mouse Santa Cruz WB 1:60 

αSARC A7732 Mouse Sigma-Aldrich IF 1:250 

A
n

ti
-m

o
u

se
 

MDA ab6463 Rabbit Abcam IF 1:2500 

CD36 RA25035 Rabbit Neuromics IF 1:200 

PPARγ PA3-821A Rabbit Life Technologies IF 1:200 

PLIN1 BP5015 Guinea Pig OriGene IF 1:100 

CD105 BAF1320 Goat R&D System IF 1:40 

Troponin T ab92546 Rabbit Abcam IF 1:100 

Se
co

n
d

ar
y 

an
ti

b
o

d
ie

s 

Anti-rabbit IgG 488 A11034 Goat Life Technologies IF 1:200 

Anti-mouse IgG 488 A11001 Goat Life Technologies IF 1:200 

Anti-mouse IgG HRP GENA9310 Sheep GE Healthcare WB 1:1000 

Anti-rabbit IgG HRP GENA9340 Donkey GE Healthcare WB 1:1000 

Anti-mouse IgG 555 A28180 Goat Life Technologies IF 1:1000 

Anti-guinea pig 488 sc-2441 Goat Santa Cruz IF 1:200 

Anti-streptavidin 
594 

S32356 - Life Technologies IF 1:200 

Anti-rabbit 546 A11010 Goat Life Technologies IF 1:200 
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Table M2. List of the cardiac mesenchymal stromal cells obtained from ACM and Healthy Control (HC) 

individuals used for the in vitro experiments (dependent on availability and culture passage number).  

13H: 13-hydroxy-octadecadienoic acid; ACM: Arrhythmogenic Cardiomyopathy; DCF analysis: 2′,7′-

Dichlorofluorescein diacetate analysis; GSH/GSSG ratio: reduced glutathione/oxidized glutathione ratio; 

MDA IF: Malondialdehyde immunofluorescence; NAC: N-acetylcysteine; NR: Nile Red; oxLDL intern.: oxLDL 

internalization; WB: western blot. 

 

Sample 
name 

Sex Age 
DCF 

analysis 
MDA 

IF 

GSH/ 
GSSG 
ratio 

WB in 
basal 

conditions 

CD36/ 
NR 

FACS 
analysis 

OxLDL 
intern. 

OxLDL 
treatm. 

13H/ 
NAC 

treatm. 

CD36 
siRNA 

PPARγ 
inhib. 

Lipid 
analysis 

ACM1 M 52 X   X X      X 

ACM2 M 42 X   X X      X 

ACM3 M 40 X  X X X   X   X 

ACM4 M 51 X  X X X   X   X 

ACM5 M 57 X  X X     X  X 

ACM6 M 43    X    X  X  

ACM7 F 39    X    X    

ACM8 M 64    X    X  X  

ACM9 M 45    X   X   X  

ACM10 M 46   X X   X X X   

ACM11 M 47   X X   X X X   

ACM12 M 30   X X   X X X   

ACM13 F 42  X X X    X    

ACM14 M 41  X  X   X X X   

ACM15 F 24  X  X   X X    

ACM16 F 52  X  X   X X    

ACM17 M 49   X X  X X     

ACM18 M 52    X  X X X X   

ACM19 M 28    X  X X  X   
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Sample 
name 

Sex Age 
DCF 

analysis 
MDA 

IF 

GSH/ 
GSSG 

analysis 

WB in 
basal 

conditions 

CD36/ 
NR FACS 
analysis 

OxLDL 
intern. 

OxLDL 
treatment 

13H/ 
NAC 

treatment 

Lipid 
analysis 

HC1 M 51 X   X X   X X 

HC2 M 48 X  X X X   X X 

HC3 M 44 X   X X   X X 

HC4 M 56 X   X X  X X X 

HC5 M 40 X X X X X    X 

HC6 F 25  X  X    X  

HC7 M 57  X X X      

HC8 F 50  X  X   X   

HC9 F 35  X X X   X X  

HC10 M 41    X   X X  

HC11 M 55   X X   X X  

HC12 M 17    X   X X  

HC13 M 57   X X      

HC14 F 58    X      

HC15 M 21   X X  X    

HC16 M 49   X X  X X   

HC17 M 64    X   X X  

HC18 F 48    X   X X  

HC19 M 44    X  X X X  

HC20 M 28    X   X X  
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Results  
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1. Patients’ studies 

1.1 Patients’ population characteristics 

Table R1 summarizes baseline characteristics of 36 ACM patients and 36 HC enrolled in this study for plasma 

analysis. ACM diagnosis was reached according to the 2010 International Task Force criteria (163). HC 

without a previous history of heart disease, age-, sex- and risk factors-matched with ACM patients have 

been selected. The considered cardiovascular risk factors are physical exercise, smoking, familiarity for 

cardiovascular events, hypertension, obesity and diabetes. ACM patients and HC taking statins or other 

lipid-lowering drugs were not included in the cohort. 

The male to female ratio in our population was 5:1 (n = 30 males; n = 6 females), 12 (33.3%) patients were 

athletes or very active people. A genetic analysis was performed in 19 patients (52.8%), of which 12 (63.1%) 

tested positive for an ACM-likely pathogenic variant; among those, PKP2 was the most commonly mutated 

gene (n =7 (58.3%)).  
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Table R1. Clinical parameters of the individuals enrolled for plasma analysis.  

Continuous variables are expressed as mean ± standard error. The indicated p value is the result of Fisher’s 

exact test for discrete variables and Mann-Whitney test for continuous variables.  

ACM: Arrhythmogenic Cardiomyopathy; HC: healthy controls; n: number of subjects; na: not available. 

 

 HC ACM p value 

n 36 36 - 

Age (years) 44±2 46±2 p=0.55 

Male gender (n) 30 30 p=1.00 

Sport (>3 times/week) (n) 13 12 p>0.99 

Smoking (n) 8 9 p>0.99 

Familiarity for cardiovascular events (n) 5 7 p=0.75 

Hypertension (n) 7 12 p=0.28 

Obesity (n) 0 1 p>0.99 

Diabetes (n) 0 1 p>0.99 

Mutation in known ACM genes (n; %) na 
12 on 19 

analyzed; 63.1% 
- 
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We have further enrolled 9 ACM patients’ relatives with PKP2 mutations but no clinical signs of the disease. 

Since the group of relatives was not perfectly matched for sex and age (Table R2) with the ACM patients 

used for the comparison, the influence of these variables on the relationship of oxLDL and ACM has been 

excluded by multiple regression analysis (p=0.02). 

 

Table R2. Characteristics of ACM patients with a known ACM associated mutations and their family members, 

carriers of the same mutation but clinically not affected by ACM.  

Continuous variables are expressed as mean ± standard error. The indicated p value is the result of Fisher’s 

exact test for discrete variables and Mann-Whitney test for continuous variables. * p < 0.05.  

ACM: Arrhythmogenic Cardiomyopathy; n: number of subjects. 

 

 

Mutation 

carrier  

NON ACM 

Mutation 

carrier ACM 
p value 

n 9 7 - 

Age (years) 49±6 45±6 p=0.67 

Male gender (n; %) 4; 44.4% 5; 71.4% p=0.36 

Obesity (n) 0 0 p=1.00 

Mutation in known ACM genes (n; %) 9; 100% 7; 100% - 
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1.2 Plasma lipid profile 

To test the hypothesis of altered lipid metabolism in ACM, we obtained blood samples from 36 ACM 

patients and HC to characterize their lipid profile, focusing on total cholesterol, LDL cholesterol, oxLDL, and 

13HODE plasma concentrations. As reported in Table R3, no differences in total cholesterol (n = 36 each; 

HC 191.50 ± 6.05 mg/dl vs. ACM 197.5 ± 6.51 mg/dl) and LDL cholesterol (n = 36 each; HC 118.50 ± 4.91 

mg/dl vs. ACM 122.90 ± 5.93 mg/dl) have been identified between ACM patients versus HC. Conversely, 

the increased oxidation of LDL leads to the detection of a higher amount of oxLDL in ACM plasma samples, 

if compared to HC (n = 36 each; ACM 137.90 ± 20.85 vs. HC 66.74 ± 5.79 ng/ml; p = 0.015; Figure R1A). 

Accordingly, plasma 13HODE was found significantly higher in patients than controls (n = 27 each; ACM 

44.42 ± 5.32 vs. HC 27.22 ± 2.44 ng/ml; p = 0.03; Figure R1B).  

To test the potential association between ACM causative mutations and altered patients’ plasma lipid 

profile, we compared ACM patients with and without mutations in known ACM genes, finding no different 

predisposition to higher oxLDL levels in the two cohorts (n = 12 vs. n = 7; mutated ACM patients 139.60 ± 

42.75 vs. non-mutated ACM patients 122.60 ± 36.68; p = 0.75; Figure R1C).  

However, a difference in oxLDL mean levels was observed between patients with overt ACM phenotype 

carrying ACM-related causative mutations and their relatives, carriers of the same mutations but not 

clinically affected by the pathology (n = 7 vs. n = 9; ACM 384.50 ± 139.1 vs. unaffected relatives 66.99 ± 

17.09 ng/ml; p = 0.03; Figure R1D). Overall, this evidence points to an association between a fully penetrant 

disease and high oxLDL plasma concentration.  
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Table R3. Plasma lipid profile of the individuals enrolled for the study.  

Continuous variables are expressed as mean ± standard error. The indicated p value is the result of Mann-

Whitney test for continuous variables. * p < 0.05.  

13HODE: 13-hydroxy-octadecadienoic acid; ACM: Arrhythmogenic Cardiomyopathy; HC: healthy controls; 

LDL: low density lipoproteins; n: number of subjects; na: not available; oxLDL: oxidized low density 

lipoproteins. 

 

 HC ACM p value 

n 36 36 - 

Total cholesterol (mg/dl) 191.50±6.05 197.5±6.51 p=0.52 

LDL cholesterol (mg/dl) 118.50±4.91 122.90±5.93 p=0.74 

OxLDL (ng/ml) 66.74±5.79 137.9±20.85 * p=0.015 

13HODE (ng/ml) 27.22±2.44 44.42±5.32 * p=0.03 

 

  



92 
 

Figure R1. ACM patients show high plasma oxLDL and 13HODE.  

A) Plasma concentration of oxLDL in arrhythmogenic cardiomyopathy (ACM) patients and healthy 

controls (HC; n = 36 each). * p < 0.05 (Mann-Whitney test). 

B) Plasma concentration of 13HODE in ACM patients and HC (n = 27 each). * p < 0.05 (Mann-Whitney 

test). 

C) Plasma concentration of oxLDL in ACM patients with or without mutations in known ACM genes (n = 

12 vs. n = 7). * p < 0.05 (Mann-Whitney test). 

D) oxLDL plasma concentration in mutated arrhythmogenic cardiomyopathy (ACM; n = 7) and NON ACM 

subjects (ACM patients’ relatives, carriers of the same causative mutation, but not clinically affected; 

n = 9). * p < 0.05 (Mann-Whitney test). 
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1.3 Genetic predisposition for oxLDL increase 

Since the aforementioned results suggest that the main causative ACM mutation may not be responsible 

for augmented oxLDL (Figure R1D), we investigated a genetic predisposition, beyond the causative 

mutation, for oxidized lipid increase in ACM-affected patients. We, therefore, performed the exome 

sequencing on three families with low ACM penetrance, in which causative PKP2 mutations were identified 

(Figure R2). We analyzed the presence and the co-segregation with the ACM phenotype of variants in a 

selected panel of genes associated with dyslipidemia and oxidative stress, with two different analysis 

criteria, either cumulative of the three families (Tables R4A), or separately in each family (Tables R4B). A 

variant in MGST3 (Microsomal Glutathione S-Transferase 3) gene, which codifies for an enzyme with 

glutathione-dependent peroxidase activity towards lipid hydroperoxides, was segregating with disease 

phenotypes when the three families were analysed together (Tables R4A). By separately analysing each 

family (Tables R4B), two variants in genes associated with ROS detoxification and LDL internalization 

segregated with ACM phenotype in Family 1, ten variants in genes associated with ROS production, anti-

oxidant defences, mitochondrial protection and contractility were obtained for Family 2, and one variant 

associated with oxidative stress and segregating with ACM phenotypes was found in Family 3. These results 

introduce the concept of a possible influence of the genetic background on the ACM phenotype. 
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Figure R2. Families in which investigation of oxidative stress and dyslipidemia as genetically determined 

secondary traits was conducted.  

The pedigrees of three genotyped ACM families are represented. DNA of all numbered individuals 

underwent exome sequencing. Full red blocks represent subjects with ACM, black circles represent main 

causative mutations. ACM: arrhythmogenic cardiomyopathy. 
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Table R4A. Variant in genes of the oxidative stress and dyslipidemia panel in all the three analyzed families.  

 

 

Table R4B. Variant in genes of the oxidative stress and dyslipidemia panel found separately in each family. 

LDL: low density lipoproteins; na: not available; redox: oxidation-reduction; ROS: reactive oxygen species.  

  

Family Variant 
Allele frequency 

in the general 
population 

Gene Pathway Classification 
Allele frequency 

in healthy 
carriers 

Allele 
frequency 

in 
affected 
carriers 

ALL rs77176546 0.22 MGST3 

Glutathione-  

dependent 

peroxidase 

activity 

Oxidative stress 0.3125 0.6667 

Family Variant 

Allele 
frequency 

in the 
general 

population 

Gene Pathway Classification 

1 rs11087654 0.004691 PRNP ROS detoxification Oxidative stress 

1 rs17248882 0.002529 LDLR LDL internalization Dyslipidemia 

2 na 0.0008196 VIMP Anti-oxidant function Oxidative stress 

2 rs199922141 na CYP2E1 ROS generator Oxidative stress 

2 na na TXNRD1 Redox homeostasis Oxidative stress 

2 rs142623210 0.001156 NFKB2 
Increase expression of antioxidant 

proteins 
Oxidative stress 

2 rs5742620 0.023 IGF1 
Mitochondrial protection and 

antioxidant function 
Oxidative stress 

2 rs55676195 6.619e-05 TTN 
Reduced cardiac contractility 

when oxidized 
Oxidative stress 

2 rs55886356 0.006771 TTN 
Reduced cardiac contractility 

when oxidized 
Oxidative stress 

2 rs34070843 0.018 TTN 
Reduced cardiac contractility 

when oxidized 
Oxidative stress 

2 rs115744476 0.005594 TTN 
Reduced cardiac contractility 

when oxidized 
Oxidative stress 

2 rs185767460 na TTN 
Reduced cardiac contractility 

when oxidized 
Oxidative stress 

3 rs201428532 0.000313 TRPM2 Activated by oxidative stress Oxidative stress 
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1.4 Total ventricular tissue analysis 

To understand if high plasma oxLDL and 13HODE have a correspondence at cardiac tissue levels, we 

quantified the lipid peroxidation marker MDA on ACM and control RV sections, finding higher oxidative 

stress in ACM hearts (n = 4 each; MDA relative densitometric analysis/nuclei numbers ACM 36.25 ± 10.43 

vs. HC 1.00 ± 0.72; p = 0.015; Figure R3A).  

CD36 receptor has a central role in oxLDL uptake (439). CD36 immunostaining on RV tissue from ACM and 

HC donors revealed higher CD36 expression in ACM samples (n = 4 each; CD36 relative densitometric 

analysis/nuclei numbers ACM 14.72 ± 2.10 vs. HC 1.00 ± 0.40; p = 0.0007; Figure R3B), which was mainly 

distributed in adipose replacement tissue areas. 

  



97 
 

Figure R3. ACM patients show high cardiac lipid peroxidation and oxLDL receptor levels. 

A) Representative images of malondialdehyde (MDA) immunostaining (green) on ventricular tissue 

sections of arrhythmogenic cardiomyopathy (ACM) patients and healthy controls (HC) and relative 

quantification (n = 4 each). Nuclei are counterstained with Hoechst 33342 (blue). * p < 0.05 (Two-

tailed Student’s t-test). 

B) Representative images of CD36 immunostaining on ventricular tissue sections of ACM patients and HC 

and relative quantification (n = 4 each). Nuclei are counterstained with Hoechst 33342 (blue). *** p < 

0.001 (Two-tailed Student’s t-test).  
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2. In vitro studies 

2.1 C-MSC isolation 

To test our hypothesis in vitro, we isolated ACM and HC C-MSC from human RV endomyocardial biopsies 

(n = 19 each; Figure M1), as previously described (185), since they represent a good primary cell model to 

study ACM adipogenesis.  

To confirm their mesenchymal lineage, we characterized them (Figure R4), in line with the International 

Society for Cellular Therapy criteria (440). For both HC and ACM lines, we assessed the positive expression 

of the mesenchymal surface markers CD29, CD44, and CD105. The percentage of cells expressing the 

fibroblast marker CD90 resulted variable, as previously reported (185) (441). Almost no C-MSC expressed 

endothelial (CD31, CD34) and hematopoietic (CD14, CD45) markers, thus excluding the contamination of 

other cell types. Moreover, HLA-DR, a marker of alloreactivity, was not detected. For all the surface marker 

analysed, the cell populations obtained from ACM and HC cardiac biopsies have a comparable pattern of 

expression, indicating no differences in their mesenchymal identity.   
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Figure R4. Immuno-phenotyping of isolated C-MSC.  

Representative images of FACS-based surface marker analysis of C-MSC. The histograms relative to the 

mesenchymal markers CD29, CD44, CD105, the fibroblast marker CD90, the endothelial markers CD31 and 

CD34, the hematopoietic markers CD14 and CD45, and the alloreactivity marker HLA-DR are shown.  

 

 

  



100 
 

2.2 C-MSC characterization in growth conditions 

To evaluate basal oxidative stress status of ACM cells, we cultured ACM and HC C-MSC in growth medium 

(GM) and treated with the Dichlorofluorescein probe. The conversion into the fluorescent dye 2′,7′-

Dichlorofluorescein diacetate (DCF) by cell reactive oxygen species (ROS) was measured by FACS analysis. 

As shown in Figure R5A, we found that oxidative stress is significantly higher in ACM C-MSC compared to 

HC C-MSC (n = 5 each; relative mean DCF emission ACM 1.63 ± 0.26 vs. HC 1.00 ± 0.06; p = 0.049; Figure 

R5A). In particular, at least part of the ACM C-MSC oxidative stress is associated with lipid peroxidation, as 

shown by MDA cell immunofluorescence staining (n = 4 vs. n = 5; MDA relative densitometric 

analysis/nuclei number ACM 8.83 ± 2.78 vs. HC 1.00 ± 0.51; p = 0.017; Figure R5B). To understand if the 

elevated oxidative stress may be due to a defect in the cellular antioxidant capacity, we measured the ratio 

between reduced (GSH) and oxidized glutathione levels in HC and ACM C-MSC, obtaining no differences 

between the two groups (n = 8 each; Figure R5C). 
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Figure R5. ACM C-MSC show elevated oxidative stress. 

A) Left panel: exemplificative FACS analysis of the FITC emission of unstained healthy control (HC) cardiac 

mesenchymal stromal cells (C-MSC; autofluorescence; white), HC C-MSC in growth medium (GM) 

treated with 2′,7′-Dichlorofluorescein diacetate (DCF; grey), arrhythmogenic cardiomyopathy (ACM) 

C-MSC in GM treated with DCF (red), and HC cells in GM treated with 2 mmol/l H2O2 as positive control 

(blue). Right panel: mean DCF emission of HC and ACM C-MSC in GM (n = 5 each). * p < 0.05 (Two-

tailed Student’s t-test). 

B) Left panels: representative images of malondialdehyde (MDA) immunostaining (green) on ACM and 

HC C-MSC in GM. Nuclei are counterstained with Hoechst 33342 (blue). Right panel: image 

quantification (n = 4 ACM vs. n = 5 HC). * p<0.05 (Two-tailed Student’s t-test). 

C) Reduced and oxidized glutathione (GSH/GSSG) ratio quantification in HC and ACM C-MSC cultured in 

GM (n = 8 each). 
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2.3 C-MSC transcriptome sequencing 

To understand the reasons of excess oxidative stress in ACM C-MSC, as no differences in their antioxidant 

capacity were detected, we hypothesized the involvement of mitochondria, since they are the main cellular 

source of ROS (306). With this aim, we re-analysed an available transcriptome sequencing of total RNA 

extracted from ACM and HC C-MSC (n = 6 each) which identified differentially enriched pathways in ACM 

vs. controls. The transcriptome was analysed with a hypothesis-driven approach in order to evaluate the 

reasons of elevated oxidative stress in ACM cells and to confirm metabolic dysfunction. Most genes 

representing processes linked to mitochondria activity were more expressed in ACM than in control C-MSC. 

In particular, pathways associated with mitochondria respiratory chain complex assembly, respiratory 

electron transport chain and ATP synthesis and metabolic processes resulted significantly associated to 

ACM (Figure R6), indicating a potential mitochondria impairment in ACM. 
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Figure R6. Enrichment map for ACM C-MSC.  

The enrichment network shows a selection of the pathway gene sets (nodes) that are significantly 

associated with ACM (false discovery rate < 0.05). Node size is proportional to the gene-set size. Edges 

connect related pathways. Edge thickness is proportional to the similarity between two pathways, for a 

cutoff = 0.25 of the combined Jaccard plus overlap coefficient. 
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2.4 C-MSC protein expression analysis 

In line with the hypothesis of oxLDL/PPARγ/CD36 involvement in ACM pathogenesis, we evaluated C-MSC 

PPARγ and CD36 protein expression in GM (Figure R7A, B, C). ACM C-MSC have higher PPARγ and CD36 

levels compared to HC (n = 18 each; PPARγ/GAPDH densitometric analysis ACM 1.47 ± 0.12 vs. HC 1.00 ± 

0.06; p = 0.002; Figure R7B; n = 17 vs. n = 16; CD36/GAPDH densitometric analysis ACM 1.52 ± 0.20 vs. HC 

1.00 ± 0.16; p = 0.02; Figure R7C).  

Conversely, ACM C-MSC did not show statistically significant differences in the expression of other oxLDL 

receptors, such as TLR4 (n = 4 vs. n = 3; TLR4/GAPDH densitometric analysis ACM 1.97 ± 0.48 vs. HC 1.00 ± 

0.19; Figure R7D), SR-A (n = 4 vs. n = 3; SR-A/GAPDH densitometric analysis ACM 2.02 ± 0.88 vs. HC 1.00 ± 

0.20; Figure R7E) and LOX-1 (n = 4 vs. n = 3; LOX-1/GAPDH densitometric analysis ACM 1.14 ± 0.23 vs. HC 

1.00 ± 0.27; Figure R7F), with respect to HC cells, although, due to the small number of samples analysed 

and the high variability, further investigations are necessary.  
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Figure R7. ACM C-MSC show elevated PPARγ and CD36 expression in growth conditions.  

A) Representative images of Western Blot analysis of proteins extracted from healthy control (HC) and 

arrhythmogenic cardiomyopathy (ACM) cardiac mesenchymal stromal cells (C-MSC) cultured in 

growth medium (GM), hybridized with anti-TLR4, anti-CD36, anti-SR-A, anti-PPARγ, anti-LOX-1 

antibodies. Immunostaining of the housekeeping GAPDH is shown for normalization. 

B) Densitometric analysis of PPARγ levels, normalized on the housekeeping protein GAPDH, in HC and 

ACM C-MSC (n=19 vs. n=20). ** p < 0.01 (Mann-Whitney test).  

C) Densitometric analysis of CD36 levels, normalized on the housekeeping protein GAPDH, in HC and 

ACM C-MSC (n=19 vs. n=20). * p < 0.05 (Mann-Whitney test). 

D) Densitometric analysis of TLR4 levels, normalized on the housekeeping protein GAPDH, in HC and ACM 

C-MSC (n=3 vs. n=4).  

E) Densitometric analysis of SR-A levels, normalized on the housekeeping protein GAPDH, in HC and ACM 

C-MSC (n=3 vs. n=4). 

F) Densitometric analysis of LOX-1 levels, normalized on the housekeeping protein GAPDH, in HC and 

ACM C-MSC (n=3 vs. n=4). 
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2.5 Lipid accumulation and CD36 levels in ACM C-MSC upon adipogenic stimulus.  

Since corresponding transcription levels of CD36 and PPARγ, as well as lipid accumulation, is described for 

other cell types (368), we evaluated if ACM C-MSC, already predisposed to PPARγ activation (20), were 

more prone to expose CD36 on the plasma membrane during lipid accumulation. We performed a double 

staining with Nile Red, to mark neutral lipids, and anti-CD36 antibody in ACM and HC C-MSC, cultured in 

adipogenic medium (AM) for different time-points (0, 3, 6 and 10 days). Figure R8A shows that, during 

adipogenic differentiation, ACM C-MSC simultaneously increase CD36 and lipid content significantly more 

than HC cells. In both ACM and HC cells a linear correlation is present between these two parameters (p = 

0.008 and 0.03, respectively), however a steeper slope in ACM C-MSC was evident (n = 4 vs. n = 5; ACM 

slope 1.33; R2 = 0.99 vs. HC slope 0.69; R2 = 0.93; slopes statistically different p = 0.016). To understand 

CD36 activity during adipogenic differentiation, we evaluated C-MSC oxLDL internalization, by assessing the 

intracellular fluorescence after 10 μg/ml DiI dye-conjugated oxLDL treatment (DiI-oxLDL), either in GM or 

in AM. ACM C-MSC internalized more DiI-oxLDL in AM compared to GM (n = 3 each; DiI internalization ACM 

GM 2.22 ± 0.16 vs. ACM AM 6.29 ± 0.65; p = 0.002) and 3-fold more than controls in AM (p = 0.01; Figure 

R8B).  
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Figure R8. ACM C-MSC show elevated CD36 levels and functionality, during adipogenic differentiation. 

A) Results of a FACS analysis of arrhythmogenic cardiomyopathy (ACM) and healthy control (HC) cardiac 

mesenchymal stromal cells (C-MSC), cultured in growth medium (GM; time-point 0) or adipogenic 

medium (AM) for 3, 6 or 10 days (time-points 3, 6 and 10, respectively) and marked with anti-CD36 

antibody and Nile red. The mean (ACM n = 4 vs. HC n = 5) fluorescence of CD36 and Nile Red is shown 

for each condition together with the relative regression line, its equation, R2 and p value. * p < 0.05 

(X-Y correlation). 

B) Top panels: representative images of HC and ACM cells, cultured either in GM or in AM, and subjected 

to 10 μg/ml DiI-oxLDL treatment. The images show the internalization of oxLDL (red), effect of CD36 

functionality. Nuclei are counterstained with Hoechst 33342 (blue). Bottom panel: quantification of 

the relative mean DiI fluorescence for each sample, measured by FACS analysis (n = 3 each). * p < 0.05, 

** p < 0.01 (Two-Way Anova).  
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2.6 Comparison of the mass of different lipid classes accumulated during adipogenic 

differentiation.  

We also performed a detailed quantitative and qualitative characterization of C-MSC lipid profile during 7 

days of adipogenic differentiation, to better understand which metabolic pathways could be impaired in 

ACM. Lipidomic assays revealed mass increase of free cholesterol, triglycerides, esterified cholesterol and 

free fatty acids in ACM C-MSC. Interestingly, ACM cells accumulated significantly more free cholesterol (n 

= 5 vs. n = 4; μg free cholesterol/106 cells ACM 11.95 ± 1.05 vs. HC 8.24 ± 1.15; p = 0.05; Figure R9A) and 

triglycerides than HC C-MSC (n = 5 vs. n = 4; μg triglycerides/106 cells ACM 35.23 ± 5.38 vs. HC 18.64 ± 3.22; 

p = 0.04; Figure R9A). In all the lipid classes, included phospholipids (not shown), a trend toward an increase 

of monounsaturated fatty acids (mainly oleic acid) was documented.  

These data are in line with the neutral lipid accumulation detected through Oil Red O (ORO) staining, as 

previously published (20). Indeed, we found a linear correlation between triglyceride quantity and ORO 

staining levels (Figure R9B). Triglycerides accumulation confirmed the ongoing transition of C-MSC toward 

an adipogenic lineage. 

  



109 
 

Figure R9. Mass increase of free cholesterol, triglycerides, esterified cholesterol and free fatty acids in ACM 

C-MSC.  

A) Mass of free cholesterol, triglycerides, cholesteryl esters and free fatty acids accumulated by healthy 

control (HC; n = 4) and arrhythmogenic cardiomyopathy (ACM; n = 5) cardiac mesenchymal stromal 

cells (C-MSC) after 7 days of adipogenic differentiation. The masses are normalized on 106 cells. * p < 

0.05 (Two-tailed Student’s t-test).  

B) Upper panel: correlation between triglyceride mass and percentage of Oil Red O (ORO) positive cells. 

Regression line, its equation, R2 and p value are shown. Lower panel: dot plot of cholesteryl ester mass 

and percentage of ORO positive cells (X-Y correlation).  
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2.7 oxLDL and 13HODE effects on lipid accumulation in ACM C-MSC. 

To test the hypothesis that oxLDL may exacerbate adipogenic propensity in ACM C-MSC through a vicious 

circle implicating CD36 and PPARγ, we treated ACM and HC C-MSC with or without 150 µg/ml oxLDL in AM. 

After 72 hours of incubation, the effect on lipid accumulation was assessed. In the presence of oxLDL 

addition, ACM C-MSC further increased lipid accumulation compared to AM only (n = 11 each; ORO relative 

lipid accumulation ACM AM 6.19 ± 0.83 vs. ACM AM + oxLDL 11.86 ± 2.64; p = 0.01; Figure R10A).  

To understand 13HODE specific contribution to the increased adipogenic differentiation provoked by oxLDL 

in ACM cells, we cultured ACM and HC C-MSC for 72 hours in AM, with or without 20 μg/ml 13HODE. 

Importantly, the treatment with 13HODE significantly increased lipogenesis in ACM C-MSC only (n = 12 

each; ORO relative lipid accumulation ACM AM 3.60 ± 0.82 vs. ACM AM + 13HODE 4.75 ± 0.92; p = 0.048; 

Figure R10B). In the same experiment, we evaluated the protein levels of PPARγ and CD36. We observed 

PPARγ and CD36 level upregulation after 13HODE treatment in ACM C-MSC (n = 8 each; PPARγ/GAPDH 

densitometric analysis ACM AM 1.67 ± 0.16 vs. ACM AM + 13HODE 2.17 ± 0.20; p = 0.047; n = 8; 

CD36/GAPDH densitometric analysis ACM AM 1.22 ± 0.06 vs. ACM AM + 13HODE 1.78 ± 0.20; p = 0.008; 

Figure R10C), as expected in light of the previously described feed-forward circle (393).  
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2.8 The antioxidant compound NAC effects on lipid accumulation in ACM C-MSC. 

In an attempt to prevent the effects of oxidized agents on lipid droplet accumulation in ACM cells, we 

tested the effect of the antioxidant N-acetilcysteine (NAC). ACM and HC C-MSC, with or without 13HODE, 

were cultured in AM, either supplemented or not with 5 mmol/L NAC for 72 hours. As for lipid 

accumulation, NAC treatment was able to contain 13HODE effects (n = 12 each; ORO quantification ACM 

AM + 13HODE 4.75 ± 0.92 vs. ACM AM + NAC 2.38 ± 0.61; p < 0.0001; ORO quantification ACM AM + 

13HODE 4.75 ± 0.92 vs. ACM AM + 13HODE + NAC 3.48 ± 0.78; p = 0.02; Figure 10B). Accordingly, both 

PPARγ and CD36 protein levels were reduced (n = 7; PPARγ/GAPDH densitometric analysis ACM AM + 

13HODE 2.17 ± 0.20 vs. ACM AM + NAC 1.03 ± 0.08; p < 0.0001; PPARγ/GAPDH densitometric analysis ACM 

AM + 13HODE 2.17 ± 0.20 vs. ACM AM + 13HODE + NAC 1.31 ± 0.15; p = 0.0001; n = 8; CD36/GAPDH 

densitometric analysis ACM AM + 13HODE 1.72 ± 0.20 vs. ACM AM + NAC 0.95 ± 0.10; p < 0.0001; 

CD36/GAPDH densitometric analysis ACM AM + 13HODE 1.72 ± 0.20 vs. ACM AM + 13HODE + NAC 0.86 ± 

0.15; p < 0.0001; Figure 10C). 

Moreover, NAC addition to AM led to lipid accumulation reduction in ACM C-MSC compared to AM alone, 

suggesting that oxidative stress plays a role in the lipogenic process per se (n = 12 each; ORO quantification 

ACM AM 3.60 ± 0.82 vs. ACM AM + NAC 2.38 ± 0.61; p = 0.03; Figure 10B). Accordingly, NAC significantly 

reduced PPARγ levels (n = 7 each; PPARγ/GAPDH densitometric analysis ACM AM 1.67 ± 0.16 vs. ACM AM 

+ NAC 1.03 ± 0.08; p = 0.007; Figure 10C), whereas a decrement trend was observed for CD36 (CD36/GAPDH 

densitometric analysis ACM AM 1.22 ± 0.06 vs. ACM AM + NAC 0.95 ± 0.10; Figure 10C). The effect is 

possibly due to a direct action of NAC on gene expression as previously described in macrophages during 

foam cell formation (442).  
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Figure R10. ACM C-MSC lipogenesis is increased with oxLDL or 13HODE and prevented by NAC treatment. 

A) Left panels: representative images of Oil Red O (ORO) staining on arrhythmogenic cardiomyopathy 

(ACM) and healthy control (HC) cardiac mesenchymal stromal cells (C-MSC) in adipogenic medium 

(AM) supplemented or not with 150 µg/ml oxLDL. Right panel: image quantification (n = 11 each). * p 

< 0.05, *** p < 0.001 (Two-Way Anova).   

B) Left panels: representative images of ORO staining on ACM and HC C-MSC in AM supplemented or not 

with 20 μg/ml 13HODE, 5mmol/L NAC or both the compounds. Right panel: image quantification (n = 

13 each). * p < 0.05, ** p < 0.01, *** p < 0.001 (Two-Way Anova).   

C) Left panel: representative images of Western Blot of CD36, PPARγ and GAPDH protein expression of 

ACM and HC C-MSC protein extracts in AM supplemented or not with 20 μg/ml 13HODE, 5 mmol/L 

NAC and both (n = 8 each). Right panels: densitometric analysis normalized on the housekeeping 

protein GAPDH. * p < 0.05, ** p < 0.01, *** p < 0.001 (Two-Way Anova).   
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2.9 Susceptibility to oxLDL treatment of ACM C-MSC upon PKP2 expression 

To unravel the reasons of higher susceptibility to oxLDL treatment of ACM C-MSC, we evaluated its 

dependency upon PKP2 expression. Indeed, most of our patients carry a genetic mutation in the PKP2 gene, 

leading to its haploinsufficiency. Moreover, we previously demonstrated a lower expression of PKP2, even 

in ACM patients without a known causative mutation (20). To this purpose, we silenced PKP2 in HC cells, 

using lentiviral particles containing PKP2 shRNA. A reduction of PKP2 to half of its original expression (Figure 

R11A) significantly increased lipid accumulation in response to oxLDL (n = 3 each; ORO quantification PKP2 

shRNA AM 4.11 ± 0.09 vs. PKP2 shRNA AM+oxLDL 7.76 ± 0.67; p = 0.05; Figure R11B), whereas no changes 

in lipid accumulation were detected between scrambled control cells cultured in AM or AM+oxLDL. This 

indicates that susceptibility to oxLDL treatment is dependent upon PKP2 expression levels. As previously 

demonstrated in (20), we also confirmed that HC C-MSC can accumulate lipid when PKP2 expression is 

reduced (n = 3 each; ORO quantification scramble AM 1.00 ± 0.04 vs. PKP2 shRNA AM 4.11 ± 0.09; p = 

0.001; Figure R11B). 
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Figure R11. PKP2 silencing in HC C-MSC demonstrated the dependency of oxLDL/CD36/PPARγ axis on genetic 

causes.  

A) Left panel: Western Blot of PKP2 and GAPDH protein expression of healthy control (HC) cardiac 

mesenchymal stromal cell (C-MSC) protein extracts treated with shRNA scrambled control or PKP2 shRNA 

and cultured in growth medium (GM). Right panel: densitometric analysis normalized on the housekeeping 

protein GAPDH (n = 3 each). ** p < 0.01 (Two-tailed Student’s t-test). 

B) Oil Red O (ORO) staining quantification of HC C-MSC treated with shRNA scrambled control or PKP2 

shRNA and cultured in adipogenic medium (AM) with or without 150 µg/ml oxLDL for 72 hours (n = 3 each). 

* p < 0.05, *** p < 0.001 (One-Way Anova).   
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2.10 CD36 silencing in ACM C-MSC  

To directly assess CD36 causal role in ACM cell adipogenic process, we performed CD36 siRNA-induced 

silencing in AM supplemented with oxLDL. 32% mean reduction in CD36 levels (n = 7; p = 0.014; Figure 

R12A) in ACM C-MSC was enough for inducing significantly less lipid accumulation if compared to the non-

silenced counterparts (n = 7; ORO relative lipid accumulation scramble 1.00 ± 0.19 vs. siRNA 0.35 ± 0.10; p 

= 0.003; Figure R12B), along with PPARγ reduced levels (n = 7 each; PPARγ/GAPDH relative densitometric 

analysis scramble 1.00 ± 0.18 vs. siRNA 0.76 ± 0.15; p = 0.05; Figure R12A). In addition, CD36 levels (both 

with and without silencing) correlated with PPARγ (n = 14; slope = 1.05; R2 = 0.76; p = 0.0002; Figure R12C) 

and to a lesser extent with ORO staining (n = 14; slope = 0.52; R2 = 0.26; p = 0.07; Figure R12C). As expected, 

reduced CD36 levels determined a lower oxLDL internalization (n=3 each; DiI internalization scramble 

7.34±1.31 vs. siRNA 0.63±0.13; p=0.04; Figure R12D). 
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Figure R12. CD36 silencing reduces lipid accumulation in ACM C-MSC. 

A) Left panel: representative images of Western Blot of CD36, PPARγ and GAPDH expression of protein 

extracts of arrhythmogenic cardiomyopathy (ACM) cardiac mesenchymal stromal cells (C-MSC) treated 

with scramble siRNA or CD36 siRNA and cultured in adipogenic medium (AM) with 150 µg/ml oxLDL. Right 

panels: densitometric analysis normalized on the housekeeping protein GAPDH (n = 7 each). * p < 0.05 

(Two-tailed Student’s t-test). 

B) Left panels: representative images of Oil Red O (ORO) staining on ACM C-MSC treated with scramble 

siRNA or CD36 siRNA and cultured in AM with 150 µg/ml oxLDL. Right panel: image quantification (n = 7 

each). ** p < 0.01 (Two-tailed Student’s t-test). 

C) Left panel: correlation between CD36/GAPDH densitometric analysis and PPARγ/GAPDH densitometric 

analysis. Right panel: correlation between CD36/GAPDH densitometric analysis and ORO relative lipid 

accumulation. For both panels, regression lines, their equations, R2 and correlation p values are shown (X-

Y correlation). 

D) Left panel: representative images of ACM C-MSC treated with scramble siRNA or CD36 siRNA, cultured 

in AM and subjected to 10 μg/ml DiI oxLDL treatment. The images show the internalization of oxLDL (red), 

effect of CD36 functionality. Nuclei are counterstained with Hoechst 33342 (blue). Right panel: 

quantification of the DiI fluorescence normalized on nuclei number for each sample (n= 3). * p < 0.05 (Two-

tailed Student’s t-test).   
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2.11 PPARγ inhibition in ACM C-MSC 

oxLDL/CD36/PPARγ interdependence in ACM cells was also confirmed by inhibiting PPARγ with the 

antagonist GW9662. This provoked a significant reduction of oxLDL internalization (n = 3; DiI internalization 

ACM AM 25137 ± 3567 vs. ACM AM + GW9662 10194 ± 3787 arbitrary units; p = 0.01; Figure R13A), 

together with a lower expression of CD36 (n = 3; CD36/GAPDH densitometric analysis ACM AM 1.26 ± 0.08 

vs. ACM AM + GW9662 0.97 ± 0.14; p = 0.04; Figure R13B). 
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Figure R13. PPARγ antagonism reduces CD36 expression and function in ACM C-MSC. 

A) Left panel: representative images of arrhythmogenic cardiomyopathy (ACM) cardiac mesenchymal 

stromal cells (C-MSC) cultured in adipogenic medium (AM) or AM+ 5 μM GW9662 and subjected to 10 

μg/ml DiI oxLDL treatment. The images show the internalization of oxLDL (red), effect of CD36 functionality. 

Nuclei are counterstained with Hoechst 33342 (blue). Right panel: quantification of the DiI fluorescence 

normalized on nuclei number for each sample (n = 3). * p < 0.05 (Two-tailed Student’s t-test). 

B) Left panel: representative images of Western Blot of CD36 and GAPDH expression of protein extracts of 

ACM C-MSC cultured in AM or AM+ 5 μM GW9662. Right panels: densitometric analysis normalized on the 

housekeeping protein GAPDH (n = 7 each). * p < 0.05 (Two-tailed Student’s t-test). 
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2.12 ACM hiPSC obtainment and cardiomyocyte differentiation 

To understand if the mechanism mediated by oxLDL and involving CD36 and PPARγ is confirmed in human 

ACM cardiomyocytes, we differentiated hiPSC obtained from ACM PBMCs in cardiomyocytes (CM; Figure 

R14). PBMCs were obtained from blood samples of one ACM patient, carrying the deletion of the whole 

PKP2 exon 4 leading to a predicted truncated protein (p.N346Lfs*12), and one HC of the same family (Figure 

R2). Cardiomyogenic differentiation was initially performed, as previously described (443), by hiPSC 

aggregation into 3D embryoid bodies (EB). Depending on the variability between different hiPSC lines and 

experimental repeats, the percentage of EB containing beating clusters varied between 5-15%. After single 

cell dissociation, CM percentage indicated by FACS positivity for the cardiac markers Troponin I (TnTI) and 

α-Actinin fluctuated between 10-20%.  

The relatively low efficiency of cardiomyogenic differentiation led us to apply another protocol, based on 

monolayer differentiation in feeder-free conditions, using PSC Cardiomyocyte Differentiation Kit. Beating 

CM in the monolayer at 28-30 days of differentiation were then dissociated as single cells and re-plated 

onto Matrigel-coated dishes in basal medium supplemented with 2% FBS. Specifically, this procedure 

allowed us to obtain between approximatively the 50% of cells positive for TnTI organized in evident 

sarcomere, and thus identifiable as CM. To further increase CM purity, cells were treated with PSC-Derived 

Cardiomyocyte Isolation Kit and passed through the QuadroMACS™ Separator; the final population of CM 

had a purity of 90-95%. 
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Figure R14. Generation and characterization of a hiPSC line obtained from skin fibroblasts of one ACM patient 

(from Meraviglia et al., Journal of Visualized Experiments, 2015; doi: 10.3791/52885). 

A) Representative image showing the hiPSC positive staining for alkaline phosphatase, marker of 

pluripotent cells (scale bar 500 μm). 

B) Representative picture of normal karyogramm by Q-banding karyotype analysis. 

C) Representative immunofluorescence staining showing significant expression of pluripotency proteins 

SSEA-4, OCT3/4, TRA-1-81, TRA-1-60 and SOX-2. Nuclei are counterstained with DAPI; scale bar 100 μm. 
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2.13 Lipid accumulation and CD36 levels in ACM hiPSC-CM upon PPARγ agonism. 

CD36 membrane expression was evaluated in hiPSC-CM derived from ACM patients and unaffected 

relatives after adipogenic stimulation (Figure R15). While limited lipid accumulation was detected in GM, in 

analogy to what observed in C-MSC, CD36 expression showed a trend of increase in ACM hiPSC-CM than in 

controls. When exposed to AM containing the PPARγ agonist rosiglitazone, ACM hiPSC-CM exhibited a 

higher content of intracellular lipids compared to HC hiPSC-CM, as previously reported (240) (relative 

BODIPY staining ACM hiPSC-CM 24.02 ± 4.94 vs. HC hiPSC-CM 10.38 ± 1.94; p = 0.01). AM+rosiglitazone 

treatment led to CD36 expression increase both in HC (MFI 6.21 ± 1.59, p = 0.004 vs. GM) and ACM hiPSC-

CM (MFI 6.10 ± 0.94, p = 0.01 vs. GM).  
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Figure R15. Lipid accumulation and CD36 levels increase in hiPSC-CM upon PPARγ agonism. 

A) Representative images of lipid accumulation, detected with BODIPY (green), and cardiomyocyte marker 

αSARC (red) co-localization in arrhythmogenic cardiomyopathy (ACM) and healthy control (HC) hiPSC-CM 

cultured in growth (GM) or adipogenic medium (AM) supplemented with 5 μM rosiglitazone. Nuclei are 

stained with DAPI. On the right, the relative quantification of lipid accumulation is shown. Relative lipid 

accumulation is presented as normalized to GM HC. * p < 0.05, *** p<0.001.  

B) Left panels: exemplificative FACS analysis of the PE fluorescence of unstained HC and ACM hiPSC-CM 

(autofluorescence; gray), in GM stained with CD36 antibodies (purple), and in AM added with 5 µM 

rosiglitazone stained with CD36 antibodies (light blue). Right panel: quantification of the median CD36 

fluorescence of HC and ACM hiPSC-CM both in GM and in AM added with 5 µM rosiglitazone. Relative 

median CD36 fluorescence is presented as normalized to GM HC. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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2.14 Transcriptomic analysis of ACM and HC hiPSC-CM.  

The analysis of the whole transcriptome of hiPSC-CM exposed to GM and AM+rosiglitazone was performed. 

Table R5 reports the results of this analysis on a subset of genes of interest, comparing gene expression in 

ACM hiPSC-CM samples grown in AM+rosiglitazone vs. GM. The results indicate that the AM+rosiglitazone 

treatment significantly (FDR < 15%) modulates the expression of genes involved in apoptosis, lipid 

metabolism and sarcomere structure. 

In addition, a considerable number of genes were found differentially expressed between ACM and HC 

hiPSC-CM cultured either in GM or AM+rosiglitazone (FDR = 10%). Table R6A reports significantly 

modulated genes in GM, while Table R6B lists the modulated genes in AM+rosiglitazone.  

ACOT1 (Acyl-CoA thioesterase 1) seems particularly interesting and deserves further validation, resulting 

differentially expressed between ACM and HC hiPSC-CM in both adipogenic and basal conditions. ACOT are 

enzymes associated to Metabolism of Lipids, Fatty Acyl-CoA Biosynthesis, and Mitochondrial Fatty Acid 

Beta-Oxidation pathways. Interestingly, ACOT1 and CD36 have both been reported as downstream genes 

of PPARγ (444), thus sustaining the important role of this pathway in the ACM pathogenesis. 
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Table R5. Effect of culture conditions (AM+rosiglitazone vs. GM) on the expression of a subset of selected 

genes in ACM hiPSC-CM. 

gene_name  log2 Fold Change p value p adjusted 

BAX apoptosis -0.2051 0.527 0.7 

CASP9 apoptosis 0.9343 0.032 0.101 

BCL2 apoptosis 2.1891 4E-09 2E-07 

MEF2C early cardiac gene -0.1442 0.514 0.69 

GATA4 early cardiac gene -0.1185 0.636 0.779 

NKX2-5 early cardiac gene 0.3058 0.262 0.448 

FABP4 lipid metabolism 2.8163 0.009 0.037 

SREBF1 lipid metabolism 3E-06 3E-06 5E-05 

CPT1A lipid metabolism 1.48 1E-08 4E-07 

CD36 lipid metabolism 0.6598 0.208 0.384 

FASN lipid metabolism 1.1348 1E-03 0.007 

CPT1C lipid metabolism 0.0956 0.771 0.87 

PPARGC1A lipid metabolism -0.0437 0.827 0.905 

PPARA lipid metabolism 0.3567 0.152 0.31 

CEBPZ lipid metabolism 0.1398 0.373 0.565 

CEBPB lipid metabolism 0.2466 0.624 0.771 

CEBPD lipid metabolism 0.2531 0.323 0.515 

CEBPZOS lipid metabolism 0.2553 0.431 0.618 

CEBPG lipid metabolism 0.237 0.542 0.711 

ACTC1 sarcomere -0.6968 0.036 0.11 

MYH6 sarcomere 2.222 3E-07 8E-06 

MYL2 sarcomere -0.6106 0.141 0.296 

MYH7 sarcomere -5.4594 1E-14 2E-12 
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Table R6A. List of the most significantly regulated genes in hiPSC CM cultured in GM from ACM and HC 

individuals. 

gene description 
log2 Fold 
Change 

p value p adjusted 

NOP56P1 NOP56 ribonucleoprotein pseudogene 1 7.0286 1E-14 1E-10 

SPECC1L 
sperm antigen with calponin homology and coiled-coil 

domains 1 like 
0.6661 5E-07 0.003 

STAG3L4 stromal antigen 3-like 4 (pseudogene) -0.9744 4E-06 0.016 

NR2C2 nuclear receptor subfamily 2 group C member 2 0.7844 1E-05 0.032 

BHLHE40 basic helix-loop-helix family member e40 -2.0296 1E-05 0.032 

ACOT1 acyl-coA thioesterase 1 3.8044 2E-05 0.038 

CSRNP1 cysteine and serine rich nuclear protein 1 -1.7499 5E-05 0.075 

CCZ1B 
CCZ1 homolog B, vacuolar protein trafficking and 

biogenesis associated 
-4.398 6E-05 0.075 

RPS28 ribosomal protein S28 -1.9554 6E-05 0.075 

MRPS14 mitochondrial ribosomal protein S14 -1.3841 7E-05 0.075 

HLA-C major histocompatibility complex, class I, C -5.2285 7E-05 0.075 

PLPP7 phospholipid phosphatase 7 (inactive) 1.593 9E-05 0.088 

YTHDF3 YTH N6-methyladenosine RNA binding protein 3 0.5707 1E-04 0.09 

 

 

Table R6B. List of the most significantly regulated genes in hiPSC-CM cultured in AM+rosiglitazone from ACM 

and HC individuals.  

gene description 
log2 Fold 
Change 

p value p adjusted 

NOP56P1 NOP56 ribonucleoprotein pseudogene 1 5.749 5.4E-20 6.2E-16 

ACOT1 acyl-coA thioesterase 1 4.373 2.7E-08 0.0001 

RPS28 ribosomal protein S28 -2.277 3.0E-06 0.0114 

CPNE1 copine 1 0.834 2.8E-05 0.0797 
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3. In vivo studies 

3.1 Pkp2+/- mice characterization. 

To validate our hypothesis on an ACM in vivo model, we took advantage of the well-established Pkp2+/- 

mouse (257) (445). In Pkp2+/- hearts from mice 14.30±1.46 months old, we found similar levels of lipid 

accumulation, despite an increase of PPARγ immunoreactive signal in ACM mice when compared to wild 

type (WT; n = 5 each; PPARγ densitometric sum/nuclei number WT 1 ± 0.45 vs. Pkp2+/- 3.96 ± 1.04; p = 

0.03). Comparable expression of MDA and CD36 were found in the two strains (Figure R16A-D). Moreover, 

at 2D echocardiography, RV and LV functions were similar in WT and Pkp2+/- mice (Figure R16E). 

Figure R16. Pkp2+/- mice show no cardiac adipogenesis, although PPARγ high expression, and low oxidative 

stress and CD36 levels 

A) Left panels: representative images of ventricular sections of wild type (WT) and plakophilin2 

heterozygous knock out (Pkp2+/-) mice, stained with Oil Red O (ORO). Right panel: quantification of 

the percentage of ORO positive cardiac tissue area (n = 5 each).  

B) Left panels: representative images of PPARγ (green) immunostaining on ventricular tissue sections of 

WT and Pkp2+/- mice. Nuclei are counterstained with Hoechst 33342 (blue). Right panel: image 

quantification (n = 5 each). 

C) Left panels: representative images of malondialdehyde (MDA; green) immunostaining on ventricular 

tissue sections of WT and Pkp2+/- mice. Nuclei are counterstained with Hoechst 33342 (blue). Right 

panel: image quantification (n = 5 each). 

D) Left panels: representative images of CD36 immunostaining (green) on ventricular tissue sections of 

WT and Pkp2+/- mice. Nuclei are counterstained with Hoechst 33342 (blue). Right panel: image 

quantification (n = 5 each). 

E) Echocardiographic parameters of WT and Pkp2+/- mice. The percentages of RV EF % and LV EF % are 

shown (n = 5 each). 
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3.2 Murine C-MSC isolation and adipogenic differentiation. 

According to the basal higher cardiac expression of PPARγ and in analogy with human C-MSC, isolated 

Pkp2+/- mouse C-MSC cultured in AM for 6 days, accumulated higher neutral lipids than WT C-MSC (n = 5 

each; ORO relative lipid accumulation Pkp2+/- 34.61 ± 9.23 vs. WT 1.00 ± 0.43; p = 0.007; Figure R17), 

indicating that mouse Pkp2+/- C-MSC are genetically predisposed to lipid accumulation.  

 

Figure R17. Pkp2+/- C-MSC are prone to adipogenic differentiation in vitro.  

Left panels: representative images of Oil Red O (ORO)-stained cardiac mesenchymal stromal cells (C-MSC) 

isolated from wild type (WT) and plakophilin2 heterozygous knock out (Pkp2+/-) mice and cultured in 

adipogenic medium for 5 days. Right panel: quantification of C-MSC lipid accumulation (n = 5 each). ** p < 

0.01.  
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3.3 HFD administration effects on cardiac lipid accumulation and dysfunction in Pkp2+/- mice. 

We fed Pkp2+/- mice a HFD for 3 months to test the hypothesis that increasing cholesterol and oxidative 

stress levels (446) would promote cardiac lipid accumulation. 

In both strains, plasma total cholesterol concentrations, measured in the lipoprotein fractions, comparably 

increased after HFD (n = 8; Figure R18A, left). In particular, higher cholesterol was measured in HFD in 

fractions 29-32, representing VLDL-IDL-LDL (n = 8; p < 0.0001 each fraction; Figure R18A, right). Of note, 

HFD also increased oxLDL (n = 6; oxLDL nmol/ml HFD 1.29 ± 0.11 vs. CD 0.83 ± 0.05; p = 0.049; Figure R18B). 

Following HFD, cardiac sections from Pkp2+/- mice showed larger areas of fatty substitution compared to 

WT siblings (n = 10 vs. n = 10; % ORO positive area Pkp2+/- 1.04 ± 0.24 vs. WT 0.13 ± 0.02; p = 0.0002; 

Figure R18C), prevalently in sub-epicardial areas. As expected, the cells undergoing adipogenic 

differentiation in murine hearts are of mesenchymal origin (Figure R19). Accordingly, the difference in 

PPARγ immunoreactivity between WT and Pkp2+/- hearts substantially increased with HFD (n = 10 each; 

PPARγ densitometric sum/nuclei number Pkp2+/- 6.62 ± 1.22 vs. WT 1.64 ± 0.14; p = 0.0007). 

Pkp2+/- mouse hearts also showed oxidative stress (n = 9 vs. n = 8; MDA relative densitometric sum/nuclei 

number Pkp2+/- 4.42 ± 0.88 vs. WT 0.19 ± 0.07; p = 0.003; Figure R18D) and CD36 level increase (n = 9 vs. 

n = 10; CD36 relative densitometric sum/nuclei number Pkp2+/- 7.48 ± 1.88 vs. WT 2.99 ± 0.68; p = 0.02; 

Figure R18E). Moreover, HFD induced RV dysfunction but no changes in LV function, as assessed by 2D 

echocardiography. In particular, ACM mice after 3 months of diet presented a lower RV ejection fraction 

(EF) compared to WT (n = 10 each; % RV EF Pkp2+/- 73.81 ± 3.43 vs. WT 82.69 ± 1.37; p = 0.03; Figure R18F). 

Morphometric analyses showed a trend of higher mid-chamber RV diastolic area in Pkp2+/- mice fed a HFD, 

while no differences were detected in wall thickness compared to WT (Figure R20). 
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Figure R18. HFD increases plasma oxLDL, cardiac adipose substitution, PPARγ, lipid peroxidation and oxLDL 

receptor expression, and impairs RV function in ACM mice.  

A) Left panel: plasma total cholesterol in the different lipoprotein fractions of wild type (WT) and 

plakophilin2 heterozygous knock out (Pkp2+/-) mice fed a chow diet (CD; green line) or a 3-month high 

fat diet (HFD; blue line). Right panel: plasma total cholesterol quantity in fractions 29-32, 

corresponding to low, very low and intermediate density lipoproteins, of WT and Pkp2+/- mice fed a 

CD (green line) or a 3-month HFD (blue line). *** p < 0.001 (Mann-Whitney test). 

B) Plasma concentration of oxLDL in WT and Pkp2+/- mice samples, fed a CD and a 3-month HFD (n = 5 

each). * p < 0.05 (Two-tailed Student’s t-test).  

C) Left panels: representative images of Oil Red O (ORO) staining of HFD-fed WT and Pkp2+/- cardiac 

sections. Right panel: quantification of ORO positive area percentage (n = 10 each). For comparison, 

quantification of ORO positive area of cardiac sections of WT and Pkp2+/- mice fed CD (n = 5 each) is 

shown (Figure R16). * p<0.05 (Two-Way Anova).   

D) Left panels: representative images of PPARγ (green) immunostaining on cardiac sections of WT and 

Pkp2+/- mice, fed a HFD (n = 10 each). Nuclei are counterstained with Hoechst 33342 (blue). Right 

panel: quantification of the PPARγ staining in HFD is shown relative to the values of CD (n = 5 each). 

*** p < 0.001 (Two-Way Anova).  

E) Left panels: representative images of malondialdehyde (MDA; green) immunostaining on cardiac 

sections of WT and Pkp2+/- mice, fed a HFD (n = 10 each). Nuclei are counterstained with Hoechst 

33342 (blue). Right panel: quantification of the MDA staining in HFD is shown relative to the values of 

CD (n = 5 each). * p < 0.05 ** p < 0.01 (Two-Way Anova).  

F) Left panels: representative images of CD36 immunostaining (green) on cardiac sections of WT and 

Pkp2+/- mice, fed a HFD (n = 10 each). Nuclei are counterstained with Hoechst 33342 (blue). Right 

panel: quantification of the staining in HFD is shown relative to the values of CD (n=5 each). * p < 0.05 

(Two-Way Anova).  



132 
 

G) Right ventricular (RV) and left ventricular (LV) ejection fraction (EF) percentages of WT and Pkp2+/- 

mice during (left panel) and after (right) 3-month HFD feeding. * p < 0.05 (Two-tailed Student’s t-test).  
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Figure R19. C-MSC undergo adipogenic differentiation in murine hearts with HFD.  

A) Representative image of adipose accumulation, detected with perilipin 1 (PLIN1) antibody (green), and 

mesenchymal marker CD105 (red) co-localization in plakophilin2 heterozygous knockout (Pkp2+/-) 

heart section after high fat diet (HFD). Nuclei are stained with Hoechst 33258.  

B) Representative image of immunofluorescence staining of Pkp2+/- heart section after HFD with PLIN1 

antibody (green) for fat droplets membranes and Troponin T antibody (red) for cardiomyocytes. Nuclei 

are stained with Hoechst 33258. No co-localization was detected. 

 

 

  



134 
 

Figure R20. Echocardiographic and morphometric parameters of WT and Pkp2+/- mice before and after 

HFD. 

A) Representative two-dimensional echocardiograms (M-mode, left panels; B-mode, right panels) of wild 

type (WT) and plakophilin2 heterozygous knockout (Pkp2+/-) mice in chow diet (CD; upper panels) and 

after 3 months of high fat diet (HFD; lower panels). The right ventricular internal diameter in systole (RVIDs) 

and in diastole (RVIDd) and the right ventricle (RV) are depicted.  

B) Upper panels: Oil Red O–stained representative sections from the cardiac mid-chamber of WT and 

Pkp2+/- mice in CD and after HFD. Middle panel: mid-chamber RV diastolic area. Lower panel: mid-chamber 

RV wall thickness (n = 3 each for CD and n = 5 each for HFD).   
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3.4 Atorvastatin administration effects on ACM manifestation in HFD-fed Pkp2+/- mice. 

To evaluate the effect of the pharmacological counteraction of high oxLDL levels (447), we fed WT and 

Pkp2+/- mice a HFD supplemented with 20 mg/kg atorvastatin for 3 months. In both strains, lower 

cholesterol was measured in HFD+atorvastatin in fractions 29-32, representing VLDL-IDL-LDL (n = 8; p < 

0.001; Figure R21A). Moreover, in parallel with plasma oxLDL concentration reduction (n = 6 vs. n = 8; oxLDL 

nmol/ml HFD 1.29 ± 0.11 vs. HFD+atorva 0.56 ± 0.05; p = 0.009; Figure R21B), we observed lower cardiac 

lipid accumulation (n = 10 vs. n = 9; % ORO positive area Pkp2+/- HFD 1.04 ± 0.24 vs. Pkp2+/- HFD+atorva 

0.02 ± 0.001; p = 0.001; Figure R21C), and a dramatic decrease of PPARγ expression levels (n = 10 vs. n = 9; 

PPARγ densitometric sum/nuclei number Pkp2+/- HFD 6.62 ± 1.22 vs. Pkp2+/- HFD+atorva 0.01 ± 0.005; p 

< 0.0001; Figure R21D). MDA expression also significantly decreased (n = 10 vs. n = 9; MDA relative 

densitometric sum/nuclei number Pkp2+/- HFD 4.42 ± 0.88 vs. Pkp2+/- HFD+atorva 0.008 ± 0.003; p = 

0.0001; Figure R21E) as well as CD36 levels (n = 10 vs. n = 9; CD36 relative densitometric sum/nuclei number 

Pkp2+/- HFD 7.48 ± 1.88 vs. Pkp2+/- HFD+atorva 0.03 ± 0.01; p = 0.001; Figure R21F).Moreover, RV EF 

improved in Pkp2+/- HFD+atorva respect to HFD only (n = 10 vs. n = 9; % RV EF Pkp2+/- HFD 73.81 ± 3.43 

vs. Pkp2+/- HFD+atorva 83.93 ± 1.86; p = 0.04; Figure R21G). 
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Figure R21. HFD plus atorvastatin prevented ACM phenotype in Pkp2+/-  mice.  

A) Left panel: plasma total cholesterol in the different lipoprotein fractions of wild type (WT) and 

plakophilin2 heterozygous knockout (Pkp2+/-) mice fed a 3-month high fat diet (HFD; blue line) or a 

3-month HFD+atorvastatin (red line). Right panel: plasma total cholesterol quantity in fractions 29-32, 

corresponding to low, very low and intermediate density lipoproteins, of WT and Pkp2+/- mice fed a 

3-month HFD (blue line) or a 3-month HFD+atorvastatin (red line). *** p < 0.001 (Mann-Whitney test). 

B) oxLDL plasma concentration in WT and Pkp2+/- mouse samples, fed for 3 months a HFD plus 

atorvastatin (n = 8). For comparison, plasma concentration of oxLDL in WT and Pkp2+/- mice samples 

fed HFD for 3 months is shown (as in Figure R18B). ** p < 0.01 (Two-tailed Student’s t-test). 

C) Left panel: representative images of Oil Red O (ORO) staining of cardiac sections of Pkp2+/- mice, fed 

3-month HFD plus atorvastatin. Right panel: quantification of the percentage of ORO positive area (n 

= 9). For comparison, quantification of ORO positive area of cardiac sections of Pkp2+/- mice fed a HFD 

for 3 months is shown (as in Figure R18C). * p < 0.05 (Two-tailed Student’s t-test).   

D) Representative images of PPARγ immunostaining (green) on cardiac sections of Pkp2+/- mice fed a 3-

month HFD plus atorvastatin (n = 9). Nuclei are counterstained with Hoechst 33342 (blue). For 

comparison, quantification of PPARγ signal of cardiac sections of Pkp2+/- mice fed a HFD for 3 months 

(as in Figure R18D) is shown. *** p < 0.001 (Two-tailed Student’s t-test).  

E) Representative images of malondialdehyde (MDA) immunostaining (green) on cardiac sections of 

Pkp2+/- mice fed a 3-month HFD plus atorvastatin (n = 9). Nuclei are counterstained with Hoechst 

33342 (blue). For comparison, quantification of MDA immunostaining of cardiac sections of Pkp2+/- 

mice fed a HFD for 3 months (as in Figure R18E) is shown. *** p < 0.001 (Two-tailed Student’s t-test). 

F) Representative images of CD36 immunostaining (green) on cardiac sections of Pkp2+/- mice fed for 3 

months a HFD plus atorvastatin (n = 9). Nuclei are counterstained with Hoechst 33342 (blue). For 

comparison, quantification of CD36 immunostaining of cardiac sections of Pkp2+/- mice fed a HFD for 

3 months is shown (as in Figure R18F). ** p < 0.01 (Two-tailed Student’s t-test).  
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G) Right ventricular ejection fraction (RV EF) percentage of Pkp2+/- mice during (left panel) and after 

(right panel) 3-month HFD plus atorvastatin feeding (n = 9). For comparison RV EF of Pkp2+/- mice fed 

a HFD is shown (as in Figure R18G). * p < 0.05 (Two-tailed Student’s t-test). 
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4. Elevated oxLDL plasma concentrations are associated with structural and functional 

impairment, and arrhythmic burden in ACM patients 

Since in vitro and in vivo data demonstrated the role of oxLDL in ACM phenotype worsening, we 

retrospectively investigated the association between plasmatic oxLDL levels and structural, functional and 

arrhythmic features in the whole cohort of our ACM population. A ROC curve analysis identified the cut-off 

value of 86 ng/ml which best discriminates ACM patients vs. HC (n = 36 each; 63.41% sensitivity and 65.85% 

specificity; Figure R22A). Based on this cut-off value, we subdivided our ACM patient cohort in two groups 

(n = 26 < 86ng/ml oxLDL and n = 41 > 86ng/ml oxLDL). In the sub-cohort of ACM patients for which CMR 

was performed in our hospital, we quantified the mass of ventricular fat infiltration. Strikingly, patients with 

oxLDL plasma concentrations above the cut-off showed significantly higher myocardial fat infiltration (n = 

14 vs. n = 25; fat infiltration mass < oxLDL 2.27 ± 1.35 vs. > oxLDL 15.32 ± 4.62 grams; p = 0.04; Figure R22B). 

Beside greater structural impairment, the group with higher oxLDL also showed a higher frequency of RV 

dysfunction defined as in (448) (n = 26 vs. n = 41; % of patients with RV dysfunction < oxLDL 26.9% (7/26) 

vs. > oxLDL 53.7% (22/41); p = 0.04; Figure R22C), biventricular dysfunction (n = 26 vs. n = 41; % of patients 

with biventricular dysfunction < oxLDL 0% (0/26) vs. > oxLDL 19.5% (8/41); p = 0.02; Figure R22D), and RV 

wall motion abnormalities (n = 26 vs. n = 41; % RV wall motion abnormalities < oxLDL 38.4% (19/26) vs. > 

oxLDL 70.7% (29/41); p = 0.01; Figure R22E). Accordingly, RV ejection fraction (EF) was significantly reduced 

in patients with higher levels of oxLDL (n = 23 vs. n = 39; % RV EF < oxLDL 50.71 ± 2.40 vs. > oxLDL 44.5 ± 

1.72; p = 0.04; Figure R22F), confirming that higher oxLDL is associated with functional impairment.  

Accordingly, stratifying ACM patients for CMR-based RV dysfunction task force criteria (163), the patients 

who have a greater influence in determining the difference in oxLDL values with controls are those with RV 

dysfunction (n = 36 vs. n = 28 vs. n = 28; oxLDL HC 66.74 ± 5.79 vs. no RV dysfunction 185.5 ± 38.68 vs. RV 

dysfunction 315.0 ± 88.42 ng/ml; HC vs. RV dysfunction p = 0.0004; Figure R22G). 

A Kaplan Meier analysis revealed that ACM patient survival free from Major Arrhythmic Events (MAE) over 

5-year follow up was significantly higher in the subset of patients with low amount of oxLDL (n = 67; mean 
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follow up 7.99 ± 0.39 years; p < 0.0001; Figure R22H), demonstrating the association between oxLDL levels 

and the occurrence of MAE in ACM patients. 
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Figure R22. Plasmatic oxLDL cut-off value of 86 ng/ml defines two patients’ subpopulation with different 

severity of ACM phenotypes.  

A) ROC curve shows accuracy of plasmatic oxLDL concentration in discriminating arrhythmogenic 

cardiomyopathy (ACM) vs. healthy control (HC) subjects (data as in Figure R1A). The red dot indicates the 

oxLDL value (86 ng/ml) which has the best sensitivity and specificity in discriminating the two populations. 

This value was used to divide the whole ACM cohort in two subpopulations. 

B) Left panels: representative images of two cases of ACM in Steady State Free Precession (SSFP) sequences 

at cardiac magnetic resonance. On the left, a case with regional bulging of the right ventricular (RV) wall 

without fat infiltration and oxLDL levels below the cut-off; on the right, a case with fat infiltration in the RV 

wall (arrowheads) and oxLDL levels above the cut-off. Right panel: quantification of the myocardial fat mass 

of the two ACM subpopulations (above or below the cut-off) whose CMR was available for re-analysis (n = 

14 oxLDL < 86 ng/ml vs. n = 25 oxLDL > 86 ng/ml; * p < 0.05; Two-tailed Student’s t-test). 

C) Frequency of patients showing RV dysfunction (defined as in (448)) in the two ACM cohort subgroups (n 

= 26 oxLDL < 86 ng/ml vs. n = 41 oxLDL > 86 ng/ml; * p < 0.05; Fisher’s exact test). 

D) Frequency of patients showing biventricular dysfunctions in the two ACM cohort subgroups (n = 26 

oxLDL < 86 ng/ml vs. n = 41 oxLDL > 86 ng/ml; * p < 0.05; Fisher’s exact test). 

E) Frequency of patients showing RV wall motion abnormalities in the two ACM cohort subgroups (n = 26 

oxLDL < 86 ng/ml vs. n = 41 oxLDL > 86 ng/ml; * p < 0.05; Fisher’s exact test). 

F) RV ejection fraction percentage of the patients classified in the two ACM cohort subgroups (n = 23 oxLDL 

< 86 ng/ml vs. n = 39 oxLDL > 86 ng/ml; * p < 0.05; Two-tailed Student’s t-test). 

G) oxLDL concentrations in healthy controls (HC) and arrhythmogenic cardiomyopathy (ACM) patients 

stratified for CMR-based RV dysfunction task force criteria (163) (n = 36 HC vs. n = 28 ACM without RV 

dysfunction vs. n = 28 ACM with RV dysfunction; *** p < 0.001; One-way ANOVA). 
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H) Kaplan-Meier analysis of actual MAE free survival of patient belonging to the two ACM cohort subgroups 

in the first 5-year follow-up (n = 26 oxLDL < 86 ng/ml vs. n = 41 oxLDL > 86 ng/ml; p < 0.0001; Log-rank 

(Mantel-Cox) Test). 
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5. SEARCH (EffectS of n-acEtylcysteine on ARrhythmogenIc Cardiomyopathy pHenotypes) 

clinical trial  

Based on the results obtained on patients’, in vitro and in vivo studies, we designed and submitted to AIFA 

(Agenzia Italiana del Farmaco) a Phase II clinical trial to test if oxidative stress reduction may be achieved 

in ACM patients and may contribute to attenuate the ventricular predisposition to accumulate fat, through 

a drug-repositioning trial evaluating the safety and effectiveness of NAC in ACM. The overview of the 

SEARCH (EffectS of n-acEtylcysteine on ARrhythmogenIc Cardiomyopathy pHenotypes) study flow-chart is 

presented in Figure R23.  

This would be a 3-year national, bi-center, prospective, randomized, double-blind, placebo-controlled 

Phase II study. The study would entail the screening of patients in the context of hospitalization for ACM 

diagnostic purposes. The inclusion criteria comprise: 

1. Diagnosis of ACM based on Task Force Criteria 2010 (163), 

2. oxLDL plasma levels ≥ 86 ng/ml (cut-off value calculated by the ROC curve analysis reported in Figure 

R22A), 

3. Age ≥ 18 years, 

4. A signed consent form. 

The exclusion criteria include: 

1. Contraindication to NAC or to any of the excipients, 

2. Concomitant antioxidant drugs intake,  

3. Previous or current documented history of peptic ulcer, 

4. Phenylketonuria,    

5. Known intolerance to histamine, 

6. Pregnancy or breastfeeding, 

7. Enrolment in another study that may interfere with this study. 

24 patients will be enrolled and randomized in a 1:1 ratio to 600 mg twice daily of effervescent tablets of  
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NAC (Group A; n=12) or placebo (Group B; n=12) for 12 months. 

The primary objectives of this study would be to evaluate whether NAC treatment is safe in ACM patients 

and superior to placebo in reducing systemic oxidative stress status in terms of oxLDL plasma levels. The 

secondary efficacy objectives would be to evaluate whether NAC treatment is effective in reducing lipid 

accumulation in C-MSC and is associated with clinical and functional preservation in terms of arrhythmia 

profile, cardiac function and fibro-fatty substitution. Outpatient visits will be scheduled at 3, 6 and 9 months 

after randomization to perform safety and tolerability assessment and to monitor adverse events, serious 

adverse events and suspected unexpected serious adverse events. In addition, patients will be contacted 

by telephone or email monthly to monitor treatment adherence. After 12 months, both groups will be re-

hospitalized to perform safety and efficacy assessment including: i) oxLDL plasma measurement, ii) cardiac 

magnetic resonance (CMR), iii) electroanatomical mapping, iv) endomyocardial biopsy, v) blood tests.  

This study is aimed to demonstrate with a precision medicine approach that oral NAC treatment is safe and 

effective to reduce the plasma levels of oxLDL after 12 months in those ACM patients who show elevated 

oxidative stress. In particular, NAC is expected to be able to reduce oxLDL concentrations at least by 60% 

with respect to baseline, in line with a previous randomized controlled trial by Tepel et al. demonstrating a 

decrease of oxLDL plasma levels after prolonged NAC treatment using the same regimen of this study (449). 

In addition, we expect to correlate reduction of oxLDL levels with right ventricular C-MSC lipid 

accumulation, according to our in vitro studies, in which NAC treatment was able to strongly reduce C-MSC 

lipid accumulation (Figure R10). Patient functional and electrical disease hallmarks will be also investigated 

in relation to treatment, since we demonstrated the association between higher concentrations of plasma 

oxLDL and structural and functional impairments, and arrhythmic risk (Figure R22). Thus, NAC-induced 

oxLDL plasma reduction is expected to have an effect in avoiding substrate degeneration progression in 

ACM patients.  
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Figure R23. Overview of the SEARCH (EffectS of n-acEtylcysteine on ARrhythmogenIc Cardiomyopathy 

pHenotypes) study flow-chart.  
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Discussion  



146 
 

Incomplete penetrance and variable expressivity characterize ACM, but the current information about its 

genetic basis is not sufficient to explain disease phenotypic variability (1) (74) (75) (76) (77). Few genetic and 

environmental cofactors are known to play a modifying role in ACM context: compound and digenic 

heterozygosity (39) (65) (71) (80) (81), modifier genes (84), physical exercise (88), β-adrenergic signalling (105) 

(106), sexual hormones (115), and inflammation (120). None of them is directly associated with ACM cardiac 

adipose substitution modulation. Indeed, to date, no adipogenesis cofactors have been identified, and no 

drugs are available to counteract this process. However, the adipose substitution in the heart of ACM patients 

alters the mechanical properties of the myocardium, thus impairing its functionality in terms of adequate 

contraction/relaxation, and the cardiac conduction properties, creating re-entry mechanisms, thus worsening 

the arrhythmic phenotype (450) (451). The understanding of the risk factors that predispose to a great amount 

of cardiac adipose deposits represents a key clinical need for ACM patients.  

The master regulator of adipogenesis is PPARγ, known to be highly expressed in ACM hearts due to genetically-

dependent Wnt pathway impairment (133). PPARγ is a ligand-activated transcription factor and regulates 

several physiological processes, including cellular development and differentiation, glucose and cholesterol 

metabolism, and fatty acid storage (452) (453). For this reason, a direct pharmacological inhibition of PPARγ 

could be deleterious, also in ACM patients characterized by a pathological higher expression of this receptor, 

and accordingly no drugs are used in the clinical practice to this purpose. Conversely, some upstream 

activators of PPARγ can be pharmacologically targeted.  

oxLDL are PPARγ activators and their effects on lipid accumulation are well described in atherosclerosis during 

foam cell formation. Briefly, oxLDL accumulate in the intima of arteries, leading endothelial cells to recruit 

monocytes. In the subendothelial space, monocytes differentiate into macrophages, which internalize oxLDL, 

through specific receptors, as CD36, becoming lipid-laden foam cells. Since high intracellular concentrations 

of lipids can provoke lipotoxicity (454), lipid homeostasis-related transcription factors, as PPARγ, are 

upregulated by oxLDL and their components, such as 13HODE, in a dose-dependent manner (455). A feed 

forward loop is then created, leading to the transcriptional increase of PPARγ itself and CD36, facilitating a 

further internalization of oxLDL (368) (369). Intriguingly, CD36 can directly activate PPARγ, reinforcing this 
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positive feedback loop (456). In murine models, PPARγ deletion prompted atherosclerosis development (457), 

confirming the essential role of this transcription factor in mediating intracellular lipid storage.  

Several hints link ACM pathogenesis to oxLDL. Most of ACM patients are athletes or very active people, and 

intense physical exercise can induce ROS overproduction, increasing LDL susceptibility to oxidation, and 

13HODE release (384) (385) (386) (390). In other contexts, oxLDL and 13HODE have been associated with lipid 

accumulation (240) (392), apoptosis (393) (394) (395), fibrotic remodelling (398) (399), and inflammation (403) 

(404) (405). All these features are typical ACM manifestations, thus the role of oxLDL and 13HODE deserved 

to be explored in this context. To this purpose, the aim of the present project was to assess the potential 

involvement of oxLDL in ACM pathogenesis, with patients’, in vitro and in vivo studies, evaluating the 

contribution of oxLDL/CD36/PPARγ circuitry as ACM adipogenesis co-factor.  

Starting from the characterization of our ACM patient cohort, we found higher plasma concentration of oxLDL 

and its component 13HODE, as compared to HC. No differences in total and LDL cholesterol were detected, 

indicating no imbalance in the plasma lipid profile of ACM patients, but rather a crucial role of oxidative stress. 

Interestingly, oxLDL concentration in ACM patients’ plasma is not a mere consequence of the ACM-causative 

genetic defect. No differences in oxLDL levels between ACM patients with and without a mutation in known 

ACM genes have been found. In addition, oxLDL plasma levels are higher in clinically affected ACM patients 

than in their unaffected relatives, carriers of the same ACM-causative genetic mutation. Nevertheless, we 

identified variants in genes associated with oxidative stress or dyslipidemia co-segregating with the ACM 

phenotype, suggesting, beyond primary causative mutations, the potential influence of the genetic 

background on oxLDL increase. Thus, our data support the hypothesis that oxLDL are a contributory cause of 

phenotype worsening. However, since the number of families and individuals per family was small, these 

results are preliminary and need confirmation with larger cohorts. It cannot be excluded that other factors, 

including lifestyle and diet, may play a role in modulating oxLDL concentrations. Moreover, the contribution 

of protective variants in asymptomatic relatives needs to be evaluated.  

In line with the increased circulating oxidative stress, ACM ventricular tissue showed considerable lipid 

peroxidation, indicated by MDA levels, if compared to HC cardiac samples. In other conditions, such as 
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myocardial infarction, cardiac oxidative stress has been reported to intensify the myocardial remodelling, 

worsening ventricular dysfunction (320) (458). Moreover, lipid peroxidation has been reported to provoke 

redox gene overexpression, intracellular calcium overload and DNA fragmentation, damaging cardiac cells 

(459).  

In addition, the oxLDL receptor CD36 is more expressed in ACM ventricles than in HC cardiac tissues, perhaps 

in response to the increased concentration of plasma oxLDL, and this indicates a possible increased 

internalization of oxLDL into cardiac cells.  

To test the effects of increased oxLDL and oxidative stress, detected in ACM plasma and ventricular samples, 

on cardiac adipogenesis, and unravel which mechanisms are involved, we used human C-MSC obtained from 

ACM and HC heart biopsies as in vitro model, as they subsidize ACM-driven cardiac adipogenesis and represent 

a reliable cell model to study pathogenic mechanisms (20) (73).  

In line with elevated lipid peroxidation in ACM ventricular tissues, we described higher oxidative stress also in 

ACM C-MSC, without changes in their anti-oxidant capability, pointing to an unbalanced ROS production, 

potentially related to an impaired mitochondrial metabolism in ACM. Indeed, the transcriptome analysis of 

ACM C-MSC indicated the upregulation of mitochondria-associated pathways, thus, a systematic investigation 

on the potential mitochondrial dysfunction need to be performed (335). In addition, the structural relationship 

between desmosomes and mitochondria has been shown (460) (461) (462) pointing to potential direct 

repercussions of ACM genetic causative mutations on mitochondria structure and function.  

As previously demonstrated in other cell models (133) (139), in ACM C-MSC we confirmed a higher expression 

of PPARγ, but we also assessed, for the first time, the increased expression of the oxLDL receptor CD36. The 

interdependence between this receptor and PPARγ is largely described in the literature, predominantly for 

cardiovascular atherogenic conditions (367) (463). Conversely, we did not obtain statistically significant 

differences in the expression of other oxLDL receptors, as TLR4, SR-A and LOX1, from HC cells. This result 

narrows the field on CD36 as a mediator of oxLDL effect in ACM.  

Accordingly, we demonstrated in ACM C-MSC the existence of a linear correlation between the activation of 

PPARγ, with consequent lipid accumulation, and CD36 expression and function. The proposed mechanism was 
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confirmed by CD36 silencing, which entailed a significant reduction of lipid accumulation in ACM C-MSC, as 

well as decreased PPARγ levels, and by PPARγ inhibition, which led to reduced CD36 expression and function. 

By means of our in vitro model, we then demonstrated that oxLDL and 13HODE supplementation enhances 

ACM C-MSC adipogenic differentiation. Interestingly, ACM C-MSC susceptibility to oxLDL treatment is 

dependent on their genetically determined low PKP2 levels. These results are in accordance to Parhami et al., 

that showed oxLDL-mediated adipogenic differentiation in bone marrow-derived mesenchymal cells (392). 

Furthermore, 13HODE was previously administered as in vitro supplement to activate PPARγ in ACM hiPSC-

CM carrying PKP2 mutation (240). Our work showed in C-MSC that 13HODE and PPARγ-dependent 

adipogenesis is an intrinsic ACM pathogenic mechanism, involving CD36 upregulation. PPARγ agonism induces 

CD36 increased expression even in hiPSC-CM. Since the link between oxLDL and arrhythmias is known, we will 

evaluate oxLDL effects on ACM CM electrical phenotype. In addition, oxLDL action on CM apoptosis will be 

investigated, since our transcriptome sequencing indicated that AM+rosiglitazone treatment significantly 

upregulate genes involved in apoptosis, other than in lipid metabolism and sarcomere structure. 

Importantly, cell exposure to the antioxidant NAC decreased not only the lipogenic phenotype mediated by 

13HODE, but was also able to reduce fat accumulation and CD36/PPARγ expression to HC levels. This 

represents a first proof of concept for the use of drugs able to reduce oxidative stress in ACM context.  

We confirmed in vitro findings with in vivo experiments by means of the Pkp2+/- mouse model generated by 

Birchmeier and coworkers (257), as PKP2 heterozygous mutations are the most frequent in ACM patients. 

Notably, available ACM in vivo models, including the Pkp2+/- mouse, do not fully recapitulate the disease 

phenotype, showing from absence to small amount of ventricular fibro-fatty substitution, possibly due to an 

intrinsic protective mechanism. Since it is known that mice possess low cholesterol plasma levels (464), we 

hypothesized and demonstrated that a consistent increase of plasma LDL cholesterol, including the oxidized 

form, obtained by HFD-feeding, results in cardiac fatty substitution. This phenomenon was prevalently located 

in sub-epicardial regions, in line with the epicardial-endocardial gradient observed in ACM human hearts, and 

involved mesenchymal cells, as previously proven in human (20). In accordance with in vitro and patient ex 

vivo results, cardiac oxidative stress and CD36 significantly increased in mice following HFD. Importantly, HFD 
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treatment provoked an initial impairment of RV cardiac function, in line with the concept that substrate 

alterations lead to functional impairment (450). 

Despite lipid accumulation were present both in the RV and LV, cardiac dysfunction spared LV probably for its 

thickness and physiological characteristics. 

These results further confirm that mutations in ACM causative genes are necessary but not sufficient to 

generate an overt ACM phenotype in mice, which, when exposed to increased oxLDL levels, develop 

myocardial substrate alterations similar to human hearts. A possible explanation of the fat accumulation 

phenomenon could be the existence of a PPARγ threshold effect. Both ACM cells and mice already showed a 

higher PPARγ expression in basal conditions, probably secondary to PKP2 insufficiency, able to provoke Wnt 

pathway alterations and consequent increase of adipogenic gene expression. However, this may be not 

sufficient to reach the threshold leading to phenotypic evidence. The contribution of adipogenesis co-factors, 

such as oxLDL, could allow to reach the PPARγ activation threshold needed for phenotypic manifestation.  

Our ACM murine model will be further implemented by subjecting mice to exercise, according to the protocol 

described in (259), since physical activity is a pejorative cofactor of ACM phenotypes (88). In addition, to 

strengthen our findings, we have planned to produce and characterize two murine models, by crossing Pkp2+/- 

mice with homozygous knockout mice for ApoE (Pkp2+/- ApoE-/-), to permanently raise cholesterol levels, or 

CD36 (Pkp2+/- Cd36-/-), to confirm the role of this receptor and the downstream activated mechanisms in 

ACM pathogenesis. We will test their viability, mating capability and disease phenotypes, as for cardiac adipose 

substitution, ventricular dysfunction and arrhythmias.  

Remarkably, atorvastatin administration prevented cardiac fat accumulation and RV dysfunction in HFD-fed 

Pkp2+/- mice. To our knowledge, this is the first proof-of-concept of an etiologic pharmacologic treatment for 

ACM.   

By means of a multilayer approach, we demonstrated, for the first time, that altered oxidized lipid metabolism 

and oxidative stress increase oxLDL bioavailability, which is internalized in C-MSC by CD36 receptor, thus 

acting, through 13HODE-mediated PPARγ activation, as a cofactor of ACM cardiac adipogenic differentiation 
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(Synopsis figure). This new biological axis is pharmacologically-targetable, with potential effects also on PPARγ 

levels and the consequent adipogenic phenotypes. 

Future studies will be performed to link oxLDL contribution to ACM cardiac fibrotic remodelling and arrhythmic 

phenotypes, since oxidative stress involvement in these processes has been already proposed for other 

diseases (398) (399).  

Notably, we unravelled in our ACM patients a strong association between the plasma oxLDL cut-off above 86 

ng/ml and pathognomonic ACM structural and clinical features. This cut-off allowed to segregate a ACM 

patient population with a severe clinical phenotype in terms of fat infiltration, ventricular dysfunction and risk 

of major arrhythmic events in the long-term. Thus, oxLDL can be considered a new potential circulating 

prognostic marker in ACM (465). Unfortunately, clinical-grade methods for plasma oxLDL measurement are 

lacking. Since oxLDL have been proposed as a prognostic indicator also for other cardiovascular conditions 

(466), there is the urgent clinical need to solve this issue. Along the same line, MDA and CD36 staining in heart 

bioptic samples could be studied for differential diagnostic purposes as candidate indicators of ACM at tissue 

level. 

The description of this new pathogenic pathway is relevant for the development of new therapeutic 

approaches. Notably, oxidative stress and oxidized lipid defects can be targeted by means of drug repositioning 

of available treatments, such statins (467). Remarkably, atorvastatin prevented ACM phenotype manifestation 

in HFD-fed Pkp2+/- mice. On the one hand statins would reduce LDL levels, limiting the oxidisable substrate, 

but they could also exert anti-oxidant and anti-inflammatory functions (468). In other studies, statin role in 

arrhythmias reduction has been established (469), thus we can suppose the beneficial effect of these drugs 

also in counteracting the arrhythmic phenotype of ACM.  

Alternatively, our data may pave the way for specific CD36 receptor targeting, although no drugs are currently 

available in the clinical practice (470). 

Since our data point mainly to the role of oxidative stress increase in ACM pathogenesis, also the potential 

effects of antioxidants need to be tested (471). Our clinical trial design fits in this context and will help to 

evaluate the safety and the efficacy of N-acetilcysteine in reducing oxLDL plasma levels in ACM patients. Based 
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on our data, we expected this treatment would attenuate disease progression and clinical phenotypes. The 

study has been conceived with a precision medicine approach, having postulated those patients with elevated 

oxLDL plasma levels at higher risk of disease progression, and potentially the best responders to the therapy. 

Although conflicting results have been obtained in clinical studies with oral anti-oxidants  (472) (473) (474), 

NAC efficacy in oxLDL reduction has been established (449) (475) (476) (477). In addition, NAC is well tolerated 

orally at a chronic regimen with rare side effects.  

On this basis, we deem that this study has the potential to reduce the incidence of cardiac dysfunction and 

sudden death, improve patients' life span as well as quality of life, and it could address the relevant unmet 

health issue of a young population of patients, given the dramatic consequences of ACM in young people and 

athletes on their prognosis. Available non-etiologic strategies (ICD implantation, electrophysiological 

interventional procedures, heart transplant) represent very invasive and risky solutions in such a population 

with a heavily affected quality of life. 

In conclusion, this study is highly innovative, introducing as a new concept the potential pharmacologic 

modulation of the ventricular substrate phenotype, thus addressing the unmet issue of the high variability of 

ACM manifestation.  
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