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Part 1 

Cardiac Aging 
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1.1 Aging and cardiovascular diseases 

Cardiovascular diseases (CVDs) are one of the main causes of mortality in the EU 

Member States (Table 1) and represent a substantial socioeconomic burden. In 

the year 2016 there were 1.83 million deaths resulting from CVDs in the EU-28, 

equivalent to 35.7% of all deaths. This percentage is considerably higher than the 

second listed cause of death among non-communicable diseases, cancer 

(malignant neoplasms; 26.0%).  

The risk of developing a CVD, including stroke, hypertension, ischaemic heart 

disease and heart failure, largely (75.0 – 90.0%) depends on the presence of 

traditional risk factors (Fig 1). Advanced age is a reported traditional risk factor, 

and it is generally categorized as non-modifiable for obvious reasons [Dhingra 

and Vasan 2012]. Aging lowers the threshold for developing CVDs by promoting 

adverse remodelling in cardiac structure and function, presumably related to a 

decline in the cardioprotective molecular mechanisms.  

The average lifespan of the human population is globally increasing, most likely 

because of declining fertility and increasing longevity. It has been projected that 

by 2035 one in every four individuals will be 65 years or older [Steenman and 

Lande 2017]. Therefore, it is likely that the predicted growth of the elderly 

population will result in an increased prevalence of CVDs.  
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Table 1. Deaths resulting from CVDs in the EU-28 for the year 2016. [According to Eurostat, 

online data codes: hlth_cd_aro and hlth_cd_asdr2].  

  

  
Deaths 

(number) 

Share of all 

deaths (%) 

Standardized death rates  

(per 100 000 inhabitants) 

  Total < 65 yrs ≥ 65 yrs 

EU-28 1 832 835 35.7 358.3 43.9 1 656.4 

Belgium 30 175 28.1 268.8 29.1 1 258.6  

Bulgaria 70 509 66.2 1 094.9 166.3 4 928.3 

Czechia 47 700 44.4 569.9 57.9 2 683.7 

Denmark 12 569 23.9 248.3 28.4 1 155.9 

Germany 339 887 37.2 381.1 37.8 1 798.6 

Estonia 8 019 52.4 643.0 83.0 2 954.7 

Ireland 9 218 30.0 309.0 31.5 1 454.6 

Greece 43 917 37.1 351.5 50.6 1 593.7 

Spain 118 824 29.1 237.3 27.1 1 105.2 

France  143 967 24.3 197.2 24.1 912.1 

Croatia 23 221 45.0 630.7 64.7 2 967.3 

Italy 220 749 35.9 296.2 25.1 1 415.3 

Cyprus 1 802 32.9 331.6 36.1 1 551.4 

Latvia 15 876 56.1 848.5 139.2 3 776.5 

Lithuania 23 056 56.7 845.7 122.7 3 830.4 

Luxembourg 1 263 31.8 298.2 24.2 1 429.1 

Hungary 62 727 49.4 737.5 103.9 3 353.2 

Malta 1 209 36.2 332.7 33.6 1 567.8 

Netherlands 38 954 26.3 264.4 24.6 1 254.1 

Austria 33 370 42.0 397.4 30.7 1 911.2 

Poland 168 280 43.3 552.7 76.1 2 520.1 

Portugal 32 685 29.5 296.7 32.9 1 385.9 

Romania 148 619 58.2 898.9 114.4 4 137.7 

Slovenia 7 952 40.5 431.7 32.4 2 080.0 

Slovakia 23 038 44.1 620.2 80.8 2 846.9 

Finland 19 687 36.6 360.2 40.6 1 679.4 

Sweden 31 674 35.0 318.6 27.8 1 518.9 

United Kingdom 153 888 25.6 253.3 37.4 1 144.6 
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Figure 1. Risk factors for development and progression of CVDs. [Modified from Yelle’s 

‘Artherosclerosis’, McMaster Pathophysiology Review.] 
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1.2 Biological theories of aging 

Why do we age? It is known that biological aging is the progressive manifestation 

of accumulated damage at a cellular level, but it is still uncertain which is the 

primary cause that triggers this phenomenon in living organisms. Since natural 

selection favours survival of the fittest, this raises the question of why natural 

selection did not eliminate a deleterious process like aging. The scientific 

community has made a number of educated guesses in order to explain this 

paradox. Theories about what originates aging usually fall into two categories, 

genetic or stochastic [Lipsky and King 2015]. Genetic (also known as 

‘programmed’ or ‘evolutionary’) theories, propose that organisms have an internal 

clock that programs longevity, and aging is genetically determined; these theories 

include accumulated mutation theory, antagonistic pleiotropy, and disposable 

soma theory. Stochastic (or ‘damage’) theories propose that chance error and 

the accumulation of damage over time cause aging; these theories include wear-

and-tear, DNA damage and repair hypothesis, cross-linking theory, rate of living 

theory, and free radical theory.  

 

1.2.1 Genetic theories 

The accumulated mutation theory proposes that aging results from accumulation 

of cellular damage accompanied by damage to genes coding for ‘repair’ functions 

(e.g. DNA damage response, autophagy) [Turan et al. 2019]. Since living beyond 

age of reproduction provides only a limited evolutionary advantage, natural 

selection eliminates mutations that could be detrimental early in life but exerts 

little evolutionary pressure on mutations causing harmful effects later in life.  

The antagonistic pleiotropy theory states that there are genes with more than one 

effect and that some of their functions might benefit early survival but be harmful 

at an older age [Williams 1957]. For example, genes enhancing oxidative 

processes may offer a survival advantage in youth by generating greater muscle 

effectiveness, while generating reactive oxygen species. Antagonistic pleiotropy 

may also underpin the ‘Hayflick limit’ of cell division. Hayflick was the first to report 
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that human fibroblasts in culture stop dividing after ~ 50 cell divisions and then 

undergo replicative senescence. He also found that fibroblasts taken from the 

elderly stop dividing after a lesser number of divisions than those taken from 

young individuals, and that the replication limit approximately correlates with the 

lifespan of a species [Hayflick and Moorhead 1961]. The progressive shortening 

of Telomeres with each cell division is possibly the mechanism that explains this 

limit. Restrictions on cell division may suppress tumour growth early in life by 

offering the trade-off of cellular senescence at a later stage.  

The disposable soma theory posits that organisms balance the need for repair of 

somatic cells with the resources needed for successful reproduction [Kirkwood 

and Holliday 1979]. Organisms must direct the limited amount of resources 

available to them to support early survival at the expense of maintaining somatic 

cells. After perpetuating the species, the ‘soma’ becomes disposable, and 

organisms eventually age because of accumulated damage which makes them 

vulnerable to disease and environmental stress.  

 

1.2.2 Stochastic theories 

The wear-and-tear theory of aging likens organisms to machines that ‘wear out’ 

with time, use and environmental damage [Weismann 1882]. These stressors can 

cause harm to cells and tissues, contributing to the age-related decline in 

functionality. However, unlike machines, living organisms possess endogenous 

repair mechanisms, and the wear-and-tear theory overlooks this ability to repair 

damage.  

Later on, wear-and-tear was modified by incorporating the DNA damage and 

repair hypothesis [Hart and Setlow 1974]. Although both mitochondrial and 

nuclear DNA damage may contribute to cellular dysfunction, nuclear DNA is the 

main subject of this hypothesis. Nuclear DNA damage may be involved in the 

aging process either indirectly (by leading to apoptosis or cellular senescence) 

or directly (by disrupting cellular function). The link between DNA damage and 

aging is supported by studies in animal models showing there is a positive 

correlation between DNA repair capacity and lifespan [Hoeijmakers 2009].  
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According to the cross-linking (or glycosylation) theory of aging, damage can also 

come from sugar moieties or cross-linked proteins that can bind to the DNA and 

cause defects in replication, translation or proteostasis [Bjorksten and Tenhu 

1990]. 

The rate of living theory puts across the idea that organisms have a finite amount 

of energy to utilize over a lifetime and energy expenditure is inversely proportional 

to lifespan [Rubner 1908; Pearl 1928]. This idea came from the observation that, 

when comparing species, tiny animals with rapid metabolisms typically have 

shorter lifespans than bigger animals with slower metabolisms, and it has been 

supported by the more recent discovery of the positive effects of caloric 

restriction on health and longevity [Fontana et al. 2015]. However, this theory has 

also been criticised by studies displaying that animals with rapid metabolisms 

have endogenous mechanisms that can regulate their energy expenditure and 

extend their lifespan [Speakman et al. 2004].  

A mechanistic link between increased metabolism and aging has also been 

provided by the free radical theory of aging (FRTA), which states that organisms 

age due to accumulation of damage from free radicals prominently produced by 

mitochondria [Harman 1956]. This hypothesis was born from the observations 

that free radicals are highly reactive and cause pervasive damage to 

macromolecules, and that the deleterious effects of exposure to irradiation and 

hyperoxia can be alleviated by antioxidant administration. Although widely 

accepted, the FRTA has been severely critiqued in recent years, mostly pointing 

at failure to increase longevity by enhancing antioxidants in long-living species 

[Rugarli and Trifunovic 2015].  

 

1.3 Cellular aging  

Whatever the cause originating this phenomenon, it is widely accepted that the 

increased prevalence of disease, and eventual death in the elderly starts with 

accumulation of damage at the cellular level. Since there is a clear association 

between aging of the population and increasing prevalence of CVDs, cardiac 

aging most likely affects pathophysiological pathways also implicated in the 
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development of cardiovascular disease [Milholland et al. 2017]. There are 

numerous data on molecular pathways implicated in cardiac aging. However, 

these studies mostly concern analyses of animal models, whereas data on 

molecular changes associated with human cardiac aging are currently lacking. 

The major reported mechanisms by which alterations in the heart and its 

constituent cells manifest are altered autophagy, oxidative stress and 

mitochondrial dysfunction, alterations in the 5’-AMP-activated protein kinase 

(AMPK) signalling pathway, telomere attrition, DNA damage, impaired calcium 

homeostasis, and electrical instability; these defects can lead to cellular 

senescence with expression of a senescence-associated secretory phenotype 

(SASP) and apoptosis (Fig 2).  
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Figure 2. Cellular and molecular signals influencing cardiac ageing. (a) Cardiac cells manifest 

senescence by exiting the cell cycle and secreting senescence-associated secretory phenotype 

(SASP) factors, becoming hypertrophic and losing contractile function, and cardiac progenitor 

cells (CPCs) lose the capacity for self-renewal and differentiation. (b) At the molecular level, 

inflammation, and reactive oxygen species (ROS) drive DNA damage, telomere shortening, 

chromatin remodelling, and epigenetic changes, leading to cell cycle exit and expression of 

SASP and senescence-related genes. DNA MTase, DNA methyltransferase; HAT, histone acetyl 

transferase; HDA, histone deacetylase; HMT, histone methyltransferase. [According to Gude et 

al. 2018] 
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1.3.1 Decreased autophagy  

Autophagy is a recycling and degradation mechanism essential for intracellular 

protein and organelle quality control. In this process, cytoplasmic components, 

like for example mitochondria, are targeted and isolated from the rest of the cell 

within a double-membraned vesicle called autophagosome which then fuses with 

a lysosome. The contents of the autolysosome are eventually degraded [Xie and 

Klionsky 2007].  

Autophagy is upregulated when cardiac cells undergo stress, such as cardiac 

ischemia [Sciarretta et al. 2014], and the induction of autophagy in experimental 

studies has been observed to promote longevity, probably due to its clearance of 

damaged proteins and organelles [Rubinsztein et al. 2011]. Conversely, the 

downregulation of autophagy has been observed to promote the development of 

hypertension, atherosclerosis, cardiac hypertrophy, ischemic heart disease and 

heart failure [Oyabu et al. 2013; Sasaki et al. 2017].  

The autophagic processes decrease in the heart with aging [Taneike et al. 2010]. 

Constant activation of autophagy caused by higher oxidative stress and protein 

misfolding may lead to exhaustion of the autophagic machinery, eventually 

causing suppression of autophagy itself (Fig 3). Activation of major inhibitors of 

autophagy, such as Mst1 and mTOR, or suppression of major activators of 

autophagy, such as Sirt1, may also cause downregulation of autophagy in the 

heart [Shirakabe et al. 2016]. In the end, downregulation of autophagy causes 

accumulation of damaged proteins and organelles, which leads to age-associated 

malfunction of cellular processes and may further exacerbate the aging process.  
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Figure 3. Regulation of cardiac aging by autophagy. Aging inhibits autophagy in 

cardiomyocytes through multiple mechanisms. Aging-induced suppression of autophagy 

induces accumulation of misfolded proteins and dysfunctional organelles, sterile infection 

caused by undigested mitochondrial DNA, inflammation, and lipotoxicity, thereby leading to a 

metabolically unhealthier environment, precipitous mitochondrial dysfunction and eventual cell 

death. GDF11 indicates growth differentiation factor 11; Mst1, macrophage-stimulating protein 

1; UPR, unfolded protein response; mTOR, mammalian target of rapamycin; FoxO, forkhead 

box O. [According to Shirakabe et al. 2016]  
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1.3.2 Mitochondrial dysfunction and oxidative stress 

Cardiac function requires an enormous amount of energy, and mitochondria are 

critical for the required ATP production in the myocardium. They also play a 

fundamental role in the survival and function of cardiomyocytes [Ren et al. 2010]. 

In these cells, superoxide is a key reactive oxygen species (ROS) produced by 

the enzyme NADPH oxidase (NOX) and the mitochondrial respiratory chain. 

Antioxidant enzymes, like superoxide dismutase (SOD), catalase, and glutathione 

peroxidase (GPx), degrade superoxide and reduce its reactivity [Brown and 

Griendling 2015].  

With aging, the antioxidant capacity of the mitochondria in cardiomyocytes is 

impaired, causing an excess production but decreased elimination of ROS 

[Tocchi et al. 2015]. Mitochondrial DNA (mtDNA), in particular, lacks protective 

histones and is in proximity to high levels of ROS, resulting particularly 

susceptible to oxidation [Yakes and Van Houten 1997]. Besides damage to DNA 

(mitochondrial and nuclear), ROS also cause harm to proteins and lipids, leading 

to senescence, apoptosis, necrosis, inflammation, and changes in gene 

expression [Nakou et al. 2016]. Additionally, the impairment of respiratory 

efficiency following ROS-dependent damage to the mitochondria leads to further 

ROS production in a vicious cycle, as stated in the free radical theory of aging 

(FRTA) [Harman 1956]. Consequently, cardiac aging is accompanied by a general 

decline in mitochondrial function, and clonal expansion of dysfunctional 

mitochondria (Fig 4). This damage adds up to suppressed mitophagy and 

dysregulation of mitochondrial quality processes such as fusion and fission.  

While all of the aforementioned theories of aging have been examined and 

laboriously tested, the mitochondrial FRTA, later termed oxidative stress theory, 

is currently one of the most popular correlative theories of the aging process. 

FRTA explains aging at the molecular level and results from failure to maintain 

oxidative defences, mitochondrial integrity, proteostasis, barrier structures, DNA 

repair, telomeres, immune function, metabolic regulation, and regenerative 

capacity.  
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Figure 4. Major reactive oxygen species (ROS) generation pathways in cardiac myocytes. 

Mitochondria represent the predominant source of ROS in cardiomyocytes, producing 

superoxide (O2•–) by the premature leak of electrons from the respiratory chain at complexes 

I, II, or III. Mitochondrial manganese superoxide dismutase can dismutate O2•– to hydrogen 

peroxide (H2O2), which can be broken down by transition metals such as Fe2+ and converted 

to hydroxyl radicals (•OH). Superoxide can also be generated by the reduction of O2 by free 

electrons released from (a) NAD(P)H oxidases, which oxidize nicotinamide adenine 

dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate (NADPH) to form NAD+ 

or NADP+, (b) xanthine oxidase, which catalyses the conversion of hypoxanthine to xanthine or 

xanthine to uric acid, (c) endothelial nitric oxide synthase (eNOS), which switches from a 

coupled state (producing NO•) to an uncoupled oxide (producing O2•–) under conditions such 

as the reduction in l-arginine, the deficiency of cofactor tetrahydrobiopterin (BH4), or increased 

glutathionylation of eNOS. Superoxide can also interact with preformed NO• and generate 

peroxynitrite ONOO-. [According to Yang et al. 2015]  
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1.3.3 Alterations in the AMPK signalling pathway 

AMPK is a highly conserved eukaryotic protein serine/threonine kinase, mainly 

known as an energy sensor that has both energy generating and conserving 

actions that preserve ATP during cellular stress (Fig 5). It is a heterotrimeric 

complex comprised of a catalytic α-subunit and two regulatory β- and γ-subunits. 

Each subunit has multiple isoforms (α1, α2, β1, β2, γ1, γ2 and γ3) encoded by 

different genes [Viollet et al. 2009]. The heart expresses α1/2, β1/2, γ1 and three 

distinct splice variants of γ2 isoforms [Li et al. 2006]. The pattern of expression is 

altered under pathological conditions, including HF [Kim et al. 2011; Pinter et al. 

2012]. AMPK is mainly activated after its phosphorylation on Thr172 residue by 

upstream kinases. In the heart, the major upstream AMPK kinase is liver kinase 

B1 (LKB1) [Sakamoto et al. 2006].  

When ATP consumption exceeds production, changes in ATP concentrations are 

translated by adenylate kinase into relatively larger changes in AMP. Binding of 

AMP not only promotes AMPK phosphorylation but also inhibits Thr172 

dephosphorylation, causing a sensitive switch to the active phosphorylated form 

of AMPK. Although binding of ADP has been proposed to mimic some of the 

effects of AMP, recent reports support the notion that AMP remains the more 

physiologically relevant signal involved in AMPK activation [Gowans et al. 2013]. 

In general, activation of AMPK results in the repression of ATP-consuming 

anabolic processes and activation of ATP-producing catabolic processes to 

maintain cellular energy storage. Indeed, AMPK can phosphorylate transcription 

factors and therefore regulate gene expression, including FoxO3, which is 

involved in protection from oxidative stress by upregulating antioxidants, and 

PGC1-α, which regulates mitochondrial biogenesis and gluconeogenesis. 

Additionally, genetic mutations in AMPK genes cause metabolic disorders in both 

cardiac [Ahmad et al. 2005; Ma et al. 2010] and skeletal myocytes [Costford et al. 

2007], while pharmacological activation of AMPK is known to improve cardiac 

function and upregulate cardiac autophagy in aged cardiomyocytes [Zhang J et 
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al. 2017], suggesting that alterations in AMPK have clinical consequences and 

may contribute to the decline in stress tolerance observed with aging.  

Notably, many of the transcription factors regulated by AMPK are also regulated 

by SIRT1, a NAD-dependent deacetylase which acts as stress‐response and 

survival protein. SIRT1 has been implicated with the pivotal ‘energy switch’ 

protein AMPK in studies indicating that SIRT1 may induce AMPK phosphorylation 

by activating one of its upstream activators, LKB1 [Lan et al. 2008; Hou et al. 

2008]. Alternatively, other studies demonstrate that AMPK can activate SIRT1 by 

elevating intracellular NAD+ levels [Fulco et al. 2008; Cantó et al. 2009].   

The combined effects of AMPK and SIRT1 on PGC1-α suggest that an 

interdependence of these two proteins contribute to the stress response and 

metabolism [Scarpulla 2011]. A recent study exhibited in vivo and in 

vitro mechanistic evidence that PGC1α upregulation and deacetylation through 

the AMPK and SIRT1 cascades protects cardiomyocytes from cardiotoxic 

damage induced by some chemotherapy agents, such as oxidative stress and 

mitochondrial damage [Liu et al. 2019].  
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   Stress 

 

 

Figure 5. Schematic representation of key metabolic and non-metabolic targets of AMP-

activated protein kinase (AMPK) in cardiac myocytes. [According to Daskalopoulos et al. 2016] 

 

  



23 

 

1.3.4 Telomere attrition 

Telomeres are nucleoprotein caps present at the ends of each eukaryotic 

chromosome to maintain genomic integrity [Moyzis et al. 1988]. Because the DNA 

replication is asymmetric along double strands, a sequence at the 3′-hydroxyl end 

could lose 30–200 nucleotides with each DNA replication and cell division. 

Telomeres provide a repetitive noncoding sequence at the 3′ end to prevent the 

loss of critical genetically encoded information during replication. Therefore, 

Telomeres length (TL) has been proposed as a mitotic clock that measures how 

many times a cell has divided.  

The enzyme telomerase is responsible for maintaining and elongating TL. 

Somatic cells generally have a low level of telomerase activity with limited 

longevity. Because telomerase activity decreases with age, TL peaks at birth, 

rapidly declines during puberty and slowly declines thereafter [Richardson et al. 

2012]. Rich in guanine nucleotides, telomeres are also particularly vulnerable to 

oxidative stress due to ROS-mediated damage to single-stranded telomeric DNA 

[Sack et al. 2017]. When a critical TL is reached, cell cycle inhibitors are activated, 

and this leads to cellular senescence and eventual apoptosis through the p53 and 

p16 pathways [Fyhrquist et al. 2013].  

Different studies have demonstrated that short telomeres induce functional 

decline within the cardiovascular system. When cardiac progenitor cells (CPCs) 

undergo Telomere attrition and eventual senescence or apoptosis, there is a 

consequent decline in the renewal capacity of the heart. However, this 

phenomena regarding the aging of CPCs is not sufficient to justify cardiac aging 

alone. Cardiomyocytes, on the other hand, long considered to be terminally 

differentiated postmitotic cells, were protagonists of experimental studies 

demonstrating that they possess active telomerase activity and suggesting that 

cardiomyocytes do indeed undergo some degree of division and regeneration 

throughout their lifespan [Leri et al. 2003; Bergmann et al. 2009; Sharifi-Sanjani 

et al. 2017]. Taken together, the Telomere shortening in CPCs and 
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cardiomyocytes may support the hypothesis that TL and attrition has a modest 

contribution toward cardiac aging.  

 

1.3.5 DNA damage 

DNA receives exogenous (e.g. environmental agents) and endogenous (e.g. 

cellular metabolic products) insults every minute (104–105 per cell per day) that 

can be extremely deleterious to cells. These lesions, if not correctly repaired, will 

interrupt genome replication and transcription and cause wide-scale 

chromosomal aberrations that may trigger malignant transformation or cell death. 

Therefore, effective sensing and repair systems have been developed during 

evolution to eliminate DNA damage and to maintain genome integrity.  

Different types of DNA damage could be fixed by specific DNA damage response 

(DDR) mechanisms. Currently, four repair strategies have been elucidated in 

mammalian cells: base excision repair (BER) for correcting small alternations of 

bases, nucleotide excision repair (NER) for bulky helix-distorting lesions, and 

homologous recombination (HR) and non-homologous end joining (NHEJ) for 

double-strand break (DSB) repair [Pan et al. 2016].  

When a double-strand break (DSB) occurs, it is generally repaired via the non-

homologous end-joining (NHEJ) or homologous recombination (HR) pathways. 

NHEJ is engaged upon Ku70/Ku80 binding to DSBs followed by recruitment and 

activation of DNA-PK, while during HR, PARP1 assembles poly(ADP)-ribose 

chains on target proteins (including histone H1, H2B and PARP1 itself) to act as 

platforms to recruit the protein complex MRE11/Rad50/NBS1 (MRN) and 

subsequently activate ataxia-telangiectasia mutated kinase (ATM) and  [Caldecott 

2014]. Single-strand breaks (SSBs) repair is initiated by replication protein A 

(RPA), which recruits the Rad3-related (ATR) kinase in order to form an ATR/ATR-

interacting protein (ATRIP) complex. Activation of ATM, ATR, and DNA-PK is 

followed by the phosphorylation of histone H2AX (γ-H2AX). Then γ-H2AX 

decorates the 30 kb region of chromatin-flanking DSBs and recruits early DDR 

proteins to the damaged sites to generate foci formation and to initiate the repair 

process [Shroff 2004; Podhorecka 2010]. ATM, ATR, and DNA-PK can 
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phosphorylate and activate the transcription factor p53 either directly or by 

activating the checkpoint kinases Chk1/2. p53 can upregulate the Cdk2 inhibitor 

(CDKII) p21, resulting in transient cell cycle arrest. If DNA damage is unrepaired, 

the cell cycle arrest becomes permanent, resulting in cellular senescence (Fig 6) 

[Prokhorova et al. 2015].  

The spatiotemporal recruitment of sensors, transducers and effectors 

orchestrates a tightly controlled process to repair each type of DNA damage. 

Dysregulation of the DDR is closely associated with human diseases, including 

CVDs and aging [Ishida et al. 2014; Fang et al. 2016]. Growing evidence 

demonstrated that high levels of oxidative stress and abnormalities in DNA repair 

pathways are found in heart failure patients [Tsutsui 2011]. Their cardiac cells 

exhibit lower DNA repair activity, and therefore are highly sensitive to oxidative 

stress. Similarly, an exponential increase in chromosome aberrations and 

cytogenetic damage  with increasing age has been amply confirmed in both 

humans and model organisms [Vijg and Suh 2013].  
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Figure 6. Transduction of DNA damage signals. (a) Activation of ataxia-telangiectasia mutated 

(ATM), Rad3-related (ATR) and DNA–protein kinase (DNA-PK) upon DNA damage. (b) ATM, 

ATR, and DNA-PK can phosphorylate and activate the transcription factor p53. Both ATM and 

ATR also contribute to the activation of the p38MAPK/MK2 kinase complex. Activation of 

Chk1/2 and MK2 downstream targets, as well as p53-mediated upregulation of p21, results in 

cell cycle arrest, which can lead to DNA repair, cellular senescence, or apoptosis. [According 

to Prokhorova et al. 2015] 
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1.3.6 Electrical instability 

Myocardial mechanical activity is strictly dependent on electrical activity in a 

process called excitation-contraction coupling (ECC). The excitation process 

starts with an action potential (AP) which reflects the sequential activation and 

inactivation of inward (Na+ and Ca2+) and outward (K+) ion channels [Nerbonne 

and Kass 2005]. Cardiomyocytes exhibit an AP morphology with 4 phases. Phase 

0 is the rapid depolarizing phase that results when Na+ channels activate and an 

influx of Na+ (INa) causes the membrane potential depolarization. Phase 1 

corresponds to the inactivation of Na+ channels and outward movement of K+ ions 

through outward current (Ito). In phase 2, a low conductance plateau phase, 

inward and outward ion movements are balanced mainly by L-type calcium 

current (ICaL) and delayed rectifier K+ channels (IKr and IKs), respectively. Phase 3 

marks the final repolarization phase of the AP, which returns to the resting 

potential at about -80 mV (phase 4) where the non-voltage-gated inwardly 

rectifying K+ current (IK1) stabilizes this resting potential. 

The electrocardiogram (ECG) is a graph of voltage versus time of the electrical 

activity of the heart and its QT interval reflects the ventricular AP duration (APD). 

Since exaggerated prolongation of the QT interval can cause a distinctive 

polymorphic ventricular tachycardia called ‘torsades de pointes', its measure is in 

widespread clinical use for identifying and predicting a wide range of clinical 

conditions, such as electrolyte abnormalities, drug-induced cardiac toxicity, and 

inherited channelopaties [Shah et al. 2019].  

Some studies have supported the claim that the QT interval is influenced by the 

person’s age. In particular, they observed an increase in QTc (QT corrected for 

the intrinsic heart rate) with age, which means that older individuals may be more 

vulnerable to situations and medications that prolong the QTc, therefore being at 

greater risk of developing life-threatening arrhythmias [Mangoni et al. 2003; 

Mason et al. 2007; Rabkin et al. 2016]. The QTc prolongation with age may be 

due to a combination of factors. Aging alters the myocardium and increases 

fibrosis [Nguyen et al. 2017] and it is associated with alterations in the amount of 
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sympathetic and parasympathetic tone [Can et al. 2002; Francis-Stuart et al. 

2018]. Aging may also cause prolongation of APD due to increase in inward Na+ 

currents, decrease in outward K+ currents, and alterations in calcium handling 

(Fig 7) [Antzelevitch 2007].  

During metabolic inhibition and mitochondrial dysfunction, ATP levels produced 

by the β-oxidation decrease, cells become more acidic due to production of 

elevated lactate levels, and the intracellular concentrations of phosphate and 

magnesium increase [Leyssens et al. 1996; Beauloye et al. 2001; Zima et al. 2013; 

Kanaporis et al. 2017]. Both reduced ATP and elevated phosphate levels can 

inhibit NKA (Na+/K+ ATPase) activity, leading to intracellular Na+ increase [Chia et 

al. 2015]. Increased ROS levels can further aggravate cytosolic Na+ accumulation 

by increasing late INa (INaL) through direct Na+ channel modification or by activating 

signalling molecules such as CaMKII. Therefore, there may be a feed-forward 

mechanism between increased cytosolic Na+ levels, impaired mitochondrial 

metabolism, increased ROS emission, and ROS-induced elevation of cytosolic 

Na+ [Yang et al. 2015]. Increased late Na+-currents (INaL) contribute to 

prolongation of APD. Interestingly, increased intracellular Na+ concentration has 

also been found during myocardial ischemia and heart failure [Undrovinas et al. 

1992; Valdivia et al. 2005; Sokolov et al. 2013]. In these studies, elevated 

intracellular Na+ also led to increased cytosolic Ca2+ through decreased extrusion 

of Ca2+ or through actual Ca2+ entry with NCX activity in the reverse mode (Na+ 

out and Ca2+ in), causing modifications to Ca2+ handling.  

Under pathological conditions repolarizing K+ currents in cardiac myocytes can 

be reduced, leading to delayed repolarization and prolonged APD. Increased 

oxidative stress is known to inhibit repolarizing voltage-gated K+ (Kv) channels, 

leading to downregulation of Ito and several delayed rectifier IK currents (IKr, IKs, 

and IKur) in mammalian cardiomyocytes [Cerbai et al. 1991; Li et al. 2008; Liang et 

al. 2008]. ROS have been shown to regulate Kv current expression by reducing 

transcript and protein expression of the Kv channel subunits and by modulating 

the phosphorylation of these proteins through PKs [Chiarugi 2005]. Cardiac Kv 

channels can also be regulated directly by nitric oxide (NO•), which can block the 
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potassium channels and therefore inhibit the currents [Nuñez et al. 2006; Gomez 

et al. 2008]. Overall, APD prolongation due to marked changes in the contribution 

of several ion currents might be the consequence of altered redox state of aged 

myocytes. Moreover, APD prolongation might become intrinsically pro-

arrhythmogenic due to the increased beat-to-beat variability of APD, usually 

quantified by well-known markers, as STV (‘short term variability’) [Altomare et al. 

2015].  
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Figure 7. Effects of increased oxidative stress on cardiac ion channel/transporter function. 

Increased ROS increase INaL, reduces repolarizing K+ currents, and inhibit NKA. Increased ROS 

also enhance the activity of ryanodine receptor 2 (RyR2), reduce SERCA activity, and promote 

the reverse mode of NCX. Reduced K+ currents and increased INaL lead to prolonged APD. 

Increased RyR2 activity, reduced SERCA function, and reverse mode NCX activity lead to 

cytosolic Ca2+ overload and predispose to delayed afterdepolarizations (DADs). [Modified from 

Yang et al. 2015]  
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1.3.7 Altered calcium handling  

The Ca2+ entry through ICaL, situated on invaginations of the cell membrane called 

T-tubules, triggers the Ca2+ release from the sarcoplasmic reticulum (SR) through 

the ryanodine receptors (RyR2) in a mechanism defined as Ca2+- induced Ca2+ 

release (CICR) [Bers 2002]. The Ca2+ influx and release from SR raise the 

intracellular calcium concentration and, when this concentration reaches ~1μM, 

Ca2+ can bind the low affinity sites on the N-terminus of troponin C. This binding 

switches on the contractile machinery, which is an ATP-consuming process. For 

cardiac relaxation to occur, Ca2+ must be removed from the cytoplasm. This is 

done through closing of RyRs and pumping of Ca2+ mainly back into the SR by 

SERCA2a (sarco-endoplasmic reticulum Ca2+-ATPase) and out of the cell by NCX 

(sodium–calcium exchanger).  

Previous studies have shown that Ca2+ handling may be altered in aged cardiac 

myocytes (Fig 8). For example, a recent study [Feridooni et al. 2017] showed in 

ventricular myocytes harvested from 27-month-old mouse hearts, that Cav1.2 

channel expression and corresponding ICaL current are reduced, leading to minor 

Ca2+ fluxes and smaller calcium transient (CaT) peaks. Despite these changes, 

neither SR Ca2+ content or CaT decay rates were altered in aged mouse myocytes 

in that study. Conversely, other studies [Janczewski et al. 2002] reported an 

increase in ICaL and Ca2+ influx, no change in CaT amplitude, and significantly 

slowed SR Ca2+ reuptake (owing to lower SERCA levels) in aged rat myocytes. 

These discrepancies in experimental results may be due to species, age, degree 

of frailty, or experimental conditions.  

Mitochondrial dysfunction may also be directly connected with age-related 

changes in calcium signalling. One of the proteins affected by oxidative damage 

with age is SERCA2a, which can be affected both in its protein expression and 

activity [Babusikova et al. 2012; Feridooni et al. 2015]. The activity of SERCA2a is 

inhibited by phospholamban (PLB) when the latter is unphosphorylated, and it 

has been shown that the SERCA/PLB ratio decreases with age. A decreased 
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SERCA functionality is associated with prolongation of relaxation and thus 

diastolic dysfunction.  

The activity of the aforementioned calcium-handling proteins (RyR2, SERCA, 

PLB) is regulated through phosphorylation by calcium-/calmodulin-dependent 

protein kinase II (CaMKII). In concordance with an alteration of calcium signalling, 

aging has been found to be associated with an increased activation of CaMKII 

leading to augmented CaMKII-mediated phosphorylation of calcium-handling 

proteins [Yang et al. 2015; Yan et al. 2018]. CaMKII is activated by ROS, and it is 

known to play a critical role in regulating calcium-handling proteins in response 

to increased cardiac oxidative stress. For example, activated CaMKII increases 

ICaL by phosphorylating the Cav1.2 channel and increasing its open probability 

[Wu et al. 1999]. Phosphorylation of RyR2 by CaMKII increases SR calcium leak, 

promoting cytosolic Ca2+ overload and delayed afterdepolarizations [Rokita and 

Anderson 2012; Guo et al. 2014]. Taken together, the net impact of increased 

oxidative stress on Ca2+-handling proteins leads to cytosolic Ca2+ overload and 

depletion of SR calcium store, resulting in detrimental changes, such as 

contractile dysfunction. Notably, in human heart failure the activity of these 

calcium-handling proteins is affected similarly to aging. SERCA activity is 

significantly reduced in human failing myocardium [Roe et al. 2015], and an 

hyperphosphorylation of RyR2 by CaMKII can be observed in both heart failure 

and atrial fibrillation, playing a role in Ca2+ leaks from the SR that lead to altered 

contractility [Respress et al. 2012; Voigt et al. 2012].  
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Figure 8. Ca2+ transport in ventricular myocytes. Increase in intracellular Ca2+ through L-type 

Ca2+ channels, leads to CaMKIIδ activation via Ca2+/Calmodulin (CaM) in the cardiomyocyte. 

ROS, which arise from other stress stimuli, can also activate CaMKIIδ, resulting in a vicious 

cycle of CaMKIIδ activation. Both the phosphorylation mediated by CaMKIIδ and ROS-mediated 

oxidation of the type 2-ryanodine receptor (RyR2) in sarcoplasmic reticulum (SR) lead to 

enhanced SR Ca2+ load and in turn, cause SR Ca2+ leak. This triggers sodium/calcium 

exchanger (NCX)-dependent depolarizing current (transient inward current), which can 

contribute to arrhythmia. Activated CaMKIIδ can also elevate transcription of cardiac 

hypertrophy genes and activation of apoptotic pathways. All these events contribute to failure 

of the heart. [According to Zhang P 2017] 
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1.3.8 Cellular senescence and SASP 

As previously mentioned, an accumulation of DNA damage or defect in DNA 

repair promotes the aging process. Interestingly, an accumulation of DNA 

damage or defect in DNA repair also promotes cellular senescence. This raises 

the question whether senescence induced by physiological or pathological 

alterations may be involved in aging. Indeed, in recent years it has been 

suggested that accumulation of senescence cells could be considered the main 

cause underlying in the aging process. For this reason, sometimes the term 

‘senescence’ is used to indicate the aging process.  

Cellular senescence refers to a state of stable cell cycle arrest in which cells 

become resistant to growth-promoting stimuli. Physiologically, senescence 

prevents the expansion of damaged cells, serving an important anti-tumorigenic 

function. Senescence occurs in response to damaging stimuli, including telomere 

shortening (replicative senescence, RS) and DNA damage caused by different 

insults, such as chemotherapy (stress-induced premature senescence, SIPS) 

[Lombard et al. 2005; Blasco 2007].  

Senescent cells are characterized by typical morphological and metabolic 

changes. It is important to note that not all senescent cells display all biomarkers 

of senescence. Senescence is characterized by a complex phenotype and, in 

addition, senescence biomarkers are not necessarily specific to senescent cells, 

as some markers are observed in apoptotic cells or quiescent cells, for example 

[Chandrasekaran et al 2017]. Only cells with stable cell cycle arrest are 

considered senescent and, unlike quiescent cells, senescent cells will not re-

enter the cell cycle in response to grow factors.  

Cell cycle arrest is mediated by the p53/p21CIP1 and p16INK4A/pRb tumour 

suppressor pathways [Yamakoshi et al. 2009; Takeuchi et al. 2010]. Moreover, 

senescent cells typically have an enlarged size and flattened shape compared to 

their dividing cell counterparts and display accumulation of dysfunctional 

mitochondria and ROS. Increased lysosomal content and altered lysosomal 

activity is also observed, which is reflected by increased levels of β-
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galactosidase (β-gal) activity at pH 6.0, leading this to be widely adopted as a 

biomarker of cellular senescence [Dimri et al. 1995].  

Senescent cells also present a persistent DDR and accumulation of DDR-related 

proteins (such as γ-H2AX) in nuclear foci called DNA segments with chromatin 

alterations reinforcing senescence (DNA-SCARS) [Rodier et al. 2011]. 

Additionally, many senescent cells acquire a senescence-associated secretory 

phenotype (SASP) that mediates non-cell autonomous effects of senescence. 

These cells secrete IL-6 and IL-8, intercellular adhesion molecule 1 (ICAM-1), 

metalloproteases, monocyte attractants, plasminogen activator inhibitor 1, and 

vascular endothelial growth factor, contributing to inflammation, and promoting 

tissue remodeling and repair or apoptosis. Particularly through its SASP, cell 

senescence can aggravate chronic inflammation and accelerate aging and the 

development of aging-associated diseases [Watanabe et al. 2017].  
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1.4 Animal and cellular models of cardiac aging 

It is critical to conduct a study on proper experimental models in order to obtain 

accurate information about the aging mechanisms. In general, the mainstream 

model systems to conduct aging studies include cells, yeast (Saccharomyces 

cerevisiae), roundworms (Caenorhabditis elegans), fruit flies (Drosophila 

melanogaster), mice (Mus musculus), rats (Rattus norvegicus) and dogs (Canis 

lupus). 

Nonmammalian model systems, such as yeast, roundworms, and fruit flies, share 

a relatively large number of biological pathways with humans [Jafari et al. 2006]. 

Indeed, many genes and signal pathways modulating the aging process have 

already been identified in yeast [Jazwinski 2000], worms [Johnson et all. 2002], 

and fruit flies [Tower 2000], which serve as basis for further understanding human 

aging mechanisms. Additionally, these organisms are easier and cheaper to 

manipulate in large numbers than mammalian models. On the other hand, aging 

is a complex biological process, involving many different factors at the same time, 

and the physiology and phenotypes of these models are way from alike with 

mammals.  

As to the mammal systems, such as mice, rats, and dogs, their physiology and 

daily activities are more parallel to humans, compared to those of nonmammalian 

models. Moreover, being the mainstream animals employed in laboratory for 

decades, the experiment protocols in which these models are involved are quite 

mature and stable. However, there is still no solid evidence indicating that rodents 

and dogs age for the same causes and mechanisms as humans [Gershon and 

Gershon 2002].  

Recently, nonhuman primates have been regarded as a potential alternative for 

human aging studies [Nadon 2006]. It is claimed that Rhesus monkeys (Macaca 

mulatta) share about 90% of their genome with human beings [Roth et al. 2004]. 

In addition, it has already been reported that age-related changes in neurological 

structure and function of monkeys share great similarity with those of humans 

[Small et al. 2004; Smith et al. 2004]. Nevertheless, the employment of this model 
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in aging studies is still quite rare. First of all, those primates have comparatively 

long lifespan, which is a practical problem for laboratory manipulation. Secondly, 

the costs to conduct experiments on those animals are relatively high. Thirdly, a 

serious issue is the moral concern by animal rights groups.  

Since nonhuman models have offered important contributions in understanding 

human biology and disease but do not fully mirror the complexity of human 

physiology and disease, the use of human material would be the most reliable 

way to properly understand the molecular mechanisms of cardiac aging. For 

different tissues, such as the myocardium, the use of primary cells from patients 

is limited by the amount of tissue that can be obtained and its lifespan in culture, 

along with the technical difficulties in accessing the tissue itself. Human induced 

pluripotent stem cells (hiPSCs) have the capability to self-renew indefinitely and 

to differentiate into derivatives of the three germ layers [Lodrini et al. 2020]. Unlike 

non-human animal models, cardiomyocytes derived from hiPSCs (hiPSC-CMs) 

offer an unprecedented platform for a comprehensive understanding of the 

molecular basis of human cardiac aging and CVDs.  
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2.1 Reprogramming  

iPSCs are pluripotent stem cells that can be generated from the reprogramming 

of a somatic cell. The iPSC technology was pioneered by Shinya Yamanaka’s lab 

in 2006 by showing that the introduction of four specific genes (Oct4, Sox2, Klf4, 

and c-Myc), later called ‘Yamanaka factors’, could convert a somatic cell into a 

pluripotent cell [Takahashi and Yamanaka 2006].  

The Yamanaka factors are transcription factors (TFs) which were found to be 

active in embryonic stem cells (ESCs). The combination of Oct4, Sox2 and Nanog 

is called ‘core pluripotency gene cocktail’ because these TFs are able to form an 

autoregulatory circuitry for pluripotency. The core pluripotency cocktail has the 

ability to activate genes necessary to maintain ESC-like pluripotency and to 

repress lineage-specific transcription factors, preventing the exit from the 

pluripotent state [Pan et al. 2006; Jaenisch and Young 2008]. Other factors 

present in reprogramming cocktails, such as c-Myc, are used to facilitate 

activation of this autoregulatory circuitry by stimulating gene expression and 

proliferation [Rahl et al. 2010].  

The process to attain pluripotency has been described as consisting of three 

steps (Fig 9) [David and Polo 2014]. The first one, called initiation, is characterized 

by the downregulation of somatic genes, a metabolic switch from oxidative 

phosphorylation to glycolysis, an increase in cell proliferation, and the reactivation 

of telomerase activity. This stage also requires changes in cell morphology, in 

particular a mesenchymal-to-epithelial transition (MET) which provides for the 

acquisition of epithelial characteristics that lead to epigenetic modifications 

important for the reprogramming [Samavarchi-Tehrani et al. 2010; Downing et al. 

2013]. The second phase, called maturation, involves the upregulation of 

endogenous pluripotency genes, such as SSEA1, Oct4, Nanog, Esrrb, and Sox2. 

This step is most likely the limitation of the reprogramming process since a great 

number of cells undergo apoptosis in this phase [Tanabe et al. 2013]. In the third 

and final step, called stabilization, cells undergo other changes, like 

rearrangements in DNA methylation and Telomeres elongation [Polo et al. 2012].   
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Figure 9. Schematization of the three phases of reprogramming and the main events by which 

they are characterized. [According to Lodrini et al. 2020]  
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2.2 Differentiation to iPSC-derived cardiomyocytes  

The pluripotent features of human iPSCs and the possibility to derive 

cardiomyocytes from them (hiPSC-CMs) potentially starting from minimally 

invasive samples (e.g. skin biopsy) enable the creation of an in-vitro disease-

specific model also fit for preclinical drug screening, thus replacing non-human 

cellular and animal models which present inter-species differences in cardiac cell 

biology and electrophysiology [Dixon and Spinale 2009; Burridge et al. 2014; 

Dell'Era et al. 2015].  

The initial observation that stem cells could mature into beating CMs was reported 

when first culturing ESCs in suspension: these cells spontaneously formed three-

dimensional aggregates called ‘embryoid bodies’ (EBs) which contained cells 

with functional and electrical properties similar to CMs [Itskovitz-Eldor et al. 2000]. 

A similar process occurring with iPSCs was later reported [Zhang et al. 2009].  

Different signaling pathways and growth factors have been found involved in 

successfully inducing cardiac differentiation in culture (Fig 10) [Winnier et al. 

1995; Marvin et al. 2001; Naujok et al. 2014]. To obtain ventricular-like CMs, 

activation of the canonical Wnt/β-catenin signaling pathway can induce 

gastrulation-like events in iPSCs cultured in a high-density monolayer with a 

serum- and feeder cell-free system [Naito et al. 2006]. Spontaneously contracting 

areas are generally observed after 10 days from induction and, after three weeks, 

these cell preparations typically consist of ~50% CMs [Yang et al. 2008]. Since all 

these growth factors don’t elicit optimal transcript levels to induce cardiogenesis 

if used outside the right time frames [Schlange et al. 2000], time-dependent media 

supplementation is crucial to obtain an efficient lineage-specific differentiation. 

Commercial kits provide standardized and simplified protocols to increase the 

reproducibility of the differentiation procedure [Ross et al. 2019].  

Since the reprogramming and re-differentiation processes can start from all type 

of somatic cells, this raised the question of how the somatic source may influence 

the phenotype of hiPSC-CMs. Although different somatic sources have shown a 

cardiogenic potential when reprogrammed and then exposed to appropriate 
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cardiac stimuli, recently it has been reported that hiPSCs from cardiac precursors 

may be a more suitable source to obtain more mature cardiac cells. Indeed, 

several sources have shown that cardiac progenitor cell (CPC)-derived hiPSCs 

originate CMs with an increased expression of cardiac markers in comparison to 

hiPSC-CMs from other tissues of the same patient, such as bone marrow and 

dermal fibroblasts [Sanchez-Freire et al. 2014; Meraviglia et al. 2016]. 

Additionally, recent works have observed variability in electrical properties and 

sensitivity to ion channel blockers in CMs derived from different sources [Pianezzi 

et al. 2019]. In this studies, CPC-derived CMs started to beat earlier and had a 

higher maturation degree highlighted by an increased expression of IKs in 

comparison to HDF- and BMC-derived CMs. In support of this, exposition to the 

IKs blocker JNJ303 resulted in a QT prolongation more pronounced in CPC-

derived CMs than in HDF- and BMC-CMs. Moreover, CPC-derived CMs had a 

more mature calcium handling as demonstrated by the number of cells able to 

elicit a RyR-mediated Ca2+ release when exposed to caffeine.  

In general, although different somatic cells show a cardiogenic potential when 

exposed to appropriate cardiac stimuli, CPCs seem to be temporally and 

qualitatively more prone to differentiate into functional cardiac cells. The 

aforementioned works emphasized the existence of an epigenetic memory 

retained by iPSCs from their originary tissue, probably due to a residual tissue-

specific DNA methylation that persists even through reprogramming and re-

differentiation [Kim et al. 2011].  
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Figure 10. Summary of the differentiation protocols for the Generation of hiPSC-derived 

cardiac lineages. [According to Protze et al. 2019] 
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2.3 Characteristics and limitations of human iPSC-CMs 

The spontaneous beating that appears at the beginning of the differentiation 

process and the positivity for cardiac troponin T (cTnT) are generally accepted 

as signs that hiPSCs have differentiated to CMs. The spontaneous electrical 

activity within newly developed hiPSC-CMs vouches for the expression of 

functional cardiac ion channels and transporters related to generation of action 

potential (AP) and contractility. Unfortunately, if more detailed analyses are 

conducted, it can be verified how hiPSC-CMs generated with current protocols 

are still quite immature and more similar to neonatal CMs than adult ones [Matsa 

et al. 2014; Karakikes et al. 2018; Tu et al. 2018]. 

Several ionic currents have been characterized in single hiPSC-CMs by using the 

patch-clamp technique, such as the sodium (INa), the calcium (ICa,L and ICa,T) and 

the potassium ones (Ito, IKr and IKs) [Davis et al. 2010; Moretti et al. 2010; Ma et al. 

2011; Yazawa et al. 2011; Ivashchenko et al. 2013; Goversen et al. 2018]. The 

biophysical properties of each of these ion channels have been studied in relation 

to time of culture and it has been reported that there is an increase in ionic current 

densities up to 80 days of the differentiation process. Consequently, hiPSC-CMs 

are characterized by heterogeneous AP profiles [Otsuji et al. 2010; Ben-Ari et al. 

2016; Veerman et al. 2017].  

Based on the AP properties, hiPSC-CMs can be classified in either atrial-, 

ventricular- or nodal-like CMs, and a single cell culture can be formed by a mix of 

these three categories [Zhang et al. 2009; Ma et al. 2011; Burridge et al. 2014]. 

Nodal-like hiPSC-CMs and sinoatrial adult CMs APs are comparable, showing 

spontaneous electrical activity thanks to the contribution of the funny (If) and 

calcium (ICaL) currents. Conversely, major differences between adult and hiPSC-

derived ventricular or atrial CMs can be found. Indeed, hiPSC-CMs show more 

depolarized diastolic potential (Ediast) and persistent spontaneous electrical 

activity thanks to the expression of If and the absence of the inward-rectifier 

potassium current (IK1) [Doss et al. 2012]. As a consequence of the depolarized 

Ediast, AP upstroke velocity and APD in hiPSC-CMs are not completely 
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superimposable to those of adult CMs. Additionally, hiPSC-CMs are characterized 

by underdeveloped sarcomeric structure and T-tubules that may affect Ca2 

handling (Fig 11) [Bedada et al. 2016; Lee et al. 2011; Gherghiceanu et al. 2011; 

Lundy et al. 2013; Cadet et al. 2017].  
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Figure 11. Morphology and action potentials (APs) of ventricular-like hiPSC-CMs in 

comparison to adult ventricular cardiomyocytes. (a) Schematic of ventricular APs. (b) The ionic 

currents and the genes that generate the currents with schematics of the current trajectories 

are shown below the APs. [According to Karakikes et al. 2015] 
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2.4 Maturation improvement 

Despite their limitations, hiPSC-CMs can be still considered the experimental 

model that is the closest to humans for mechanisms of cardiac disease and 

pharmacological responses [Burridge et al. 2014; Dell’Era et al. 2015]. Several 

approaches are being pursued to further mature the hiPSC-derived 

cardiomyocytes. These include recapitulating the metabolic changes that occur 

within the cardiomyocytes at birth and the use of tissue engineering to expose 

the developing cardiomyocytes to electromechanical forces present in the heart.  

Highly mature CMs should display: (1) rod-shaped morphology, (2) longitudinally 

oriented and aligned long sarcomere structures, (3) regularly distributed 

mitochondria, (4) high degree of multinucleation, (5) fatty acid metabolism, (6) 

low proliferative capacity, (7) diastolic resting potential around -80 mV, (8) high 

contractile force, and (9) qualitatively normal physiological and pharmacological 

responses [Robertson et al. 2013].  

After birth, circulating hormones and metabolites promote a switch from 

glycolysis to fatty acid oxidation to meet the increased energy demands of the 

neonatal heart [Lopaschuk and Jaswal 2010; Piquereau and Ventura-Clapier 

2018]. At this stage, the cardiomyocytes also rapidly lose their proliferative 

capacity and advance their sarcomere organization and calcium handling for 

increased force of contraction. To mimic these hormonal changes, several studies 

have tested thyroid and steroid hormones on the differentiating hiPSC-CMs 

populations, managing to induce a modest maturation of CMs in terms of 

sarcomere organization and increase in mitochondrial capacity [Lee et al. 2010; 

Parikh et al. 2017; Yang et al. 2014]. Similar results can be obtained by inducing 

a metabolic switch through reduction of glucose and increase of fatty acids in the 

culture media [Correia et al. 2017; Hu et al. 2018; Mills et al. 2017; Horikoshi et 

al. 2019].  

Other approaches to induce maturation involve the application of mechanical 

stimulation to the cells, mimicking the increased contractile demand of the 

heart after birth [Thavandiran et al. 2013; Zhang et al. 2013; Mannhardt et al. 
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2016; Shadrin et al. 2017; Tiburcy et al. 2017]. These studies resulted in increased 

expression of contractile apparatus genes, improved sarcomere organization, 

increased contractile force, and improvement in conduction velocities.  

In addition to mechanical stimulation, electrical stimulation has been shown to 

improve structural and electrophysiological maturation of cardiac tissues [Nunes 

et al. 2013]. One of the most advanced engineered tissues reported to date was 

generated through the increased electrical stimulation of early-stage 

cardiomyocytes in a fibrin hydrogel [Ronaldson-Bouchard et al. 2018]. The 

resulting tissues showed highly organized sarcomeres and T-tubules, improved 

calcium handling, as well as mitochondria oxidative capacity similar to that of 

primary human cardiomyocytes.  

Despite these improvements in the maturation status, these engineered tissues 

still show differences if compared to adult heart tissue. Further improvements 

may require a combination of the above maturation strategies, purification 

methods (e.g. pre-plating, metabolic selection, and antibody purification 

methods), and the inclusion of cardiac cell types different from myocytes 

(epicardial cells, cardiac fibroblasts, endothelial cells, and macrophages).  

 

2.5 Use of hiPSC-CMs in biomedical research 

hiPSC-CMs carry the exact genetic background of the patient of origin. Therefore, 

cell lines have been created from individuals with different cardiac diseases, such 

as mutations in ion channel genes or in sarcomeric proteins [Brandao et al. 2017; 

Rocchetti et al. 2017; Brodehl et al. 2019; Benzoni et al. 2020]. In some cases, 

hiPSC-derived CMs do not only recapitulate the disease phenotypes of ion 

channel mutations that lead to arrhythmias and sudden cardiac death, but have 

also indicated treatment modalities. These models of channelopathies are of 

particular interest because, as mentioned earlier, the pathophysiology of animal 

models is different than humans. For example, mouse models with mutations 

in KCNQ1 have significant differences in the handling of rectifying potassium 

currents compared to humans [Davis et al. 2011]. Since the majority of cardiac 



60 

 

ion channels is expressed within 2 weeks of differentiation, hiPSC-CMs 

immaturity has had a relatively little impact on predictive outcomes of these 

models, allowing them to surpass mice as preferred experimental model in the 

study of channelopathies [Blinova et al. 2018]. 

Changes in electrical properties of hiPSC-CMs can be determined reliably using 

electrophysiology (patch-clamp technique or multiple electrode arrays) or optical 

methods (voltage- or calcium-sensitive dyes) [van Meer et al. 2016]. Conversely, 

phenotypes resulting from cardiac hypertrophy or myopathy have been more 

difficult to measure. A few reports of hiPSC-CMs from patients with hypertrophic 

cardiomyopathy have recently emerged [Carvajal-Vergara et al. 2010]. However, 

not all standard criteria used to analyse cardiomyocyte hypertrophy could be 

performed due to the mixed population of cells obtained from the differentiation 

procedure, and hiPSC-CMs immature morphology which makes it difficult to 

capture the alterations in size or contractility.  

Furthermore, hiPSC-CM have come into use in the emerging discipline of 

quantitative system pharmacology to test drug efficacy and safety [Li et al 2019]. 

This cell model has been already applied in screening the proarrhythmic potential 

of drugs that can inhibit ionic channels, like potassium (e.g. sotalol, dofetilide, 

E4031), sodium (quinidine, flecainide), and calcium channel inhibitors (verapamil, 

diltiazem) [Gibson et al 2014; Lu et al. 2015; Patel et al. 2019]. These drugs have 

been the main protagonists of the FDA’s Comprehensive In-Vitro Proarrythmia 

Assay (CiPA) initiative, which uses a combination of in-silico and in-vitro models 

for the assessment of potential proarrhythmic effects of drugs [Colatsky et al. 

2016]. The CiPA workflow consists of three main steps: firstly, assessment of 

drug’s effects on the critical human ventricular ion channel currents; secondly, in-

silico integration of the ion channel effects to determine the net effects on the 

cardiac action potential; thirdly, a check for discrepancies in fully integrated 

biological systems, such as hiPSC-CMs [Sager et al. 2014]. Compounds that are 

assessed as being at low likelihood for causing TdP and QT prolongation may 

receive benign labelling and move to the next steps in pharmacological studies. 
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The CiPA initiative represents a predictive strategy applied on hiPSC-CMs for 

development of therapeutic drugs potentially safety in term of cardiac function. 

Currently, hiPSC-CMs are also being introduced in the field of regenerative 

medicine. It is known that the underlying cause of heart failure is an irreversible 

loss of contractile muscle mass and, at least in animal models of myocardial 

infarction, transplanted cardiomyocytes (CMs) can improve left ventricular (LV) 

function [Li et al. 1996]. However, it is tricky to find a clinically usable source of 

contractile cells. Cultivating human primary CMs has been a subject of decades 

of fruitless research, and donor CMs would be allogeneic and therefore not 

suitable for transplantation without immunosuppression. Therefore, it is widely 

accepted that the replacement of contractile myocardium requires the use of the 

pluripotent stem cell technology. However, maturation of hiPSC-CMs remains a 

challenge since only neonatal-like CMs have been derived so far. The 3D 

environment has been long postulated to play a vital role in generating the proper 

mechanical cues and driving terminal differentiation [Wang et al. 2010]. 

Combinatory studies are thus needed to improve hiPSC-CMs morphology and 

contractility, and allow their use to engineer heart tissue.  
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Part 3 

Doxorubicin and cardiac dysfunction 
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3.1 Cancer therapy-related cardiac dysfunction (CTRCD) 

Doxorubicin (Dox), which is an anthracycline antibiotic derived from 

Streptomyces, is among the most potent chemotherapeutic agents. However, the 

clinical utility of anthracyclines is hampered by cardiotoxicity, manifesting initially 

as asymptomatic cardiac dysfunction and evolving irreversibly to congestive 

heart failure [Armenian and Bathia 2018]. The mechanism by which Dox exerts 

cytotoxic (antitumoral and cardiotoxic) effects appears to be multifactorial, 

involving binding and intercalation with DNA, inhibition of DNA synthesis and 

repair, generation of ROS, inhibition of autophagy, and disturbance of calcium 

homeostasis (Fig 12) [Gewirtz 1999; Wenningmann et al. 2019]. 

The cellular target of Dox is topoisomerase-II (Top2). Dox binds both DNA and 

Top2 to form the ternary Top2-Dox-DNA cleavage complex, which can trigger cell 

death. Top2α is highly expressed in cancer cells and required for cell division to 

block DNA replication [Tewey et al. 1984; Capranico et al. 1992]. Adult 

mammalian CMs express Top2β which can be also targeted by Dox, as 

demonstrated by studies showing how Top2β-deleted cell lines and mouse 

models are resistant to Dox-induced cell death [Lyu et al. 2007; Zhang et al. 2012]. 

The Top2β-Dox-DNA cleavage complex can induce DNA DSBs in 

cardiomyocytes, leading to cell death via p53-activated caspases [Cunha-Oliveira 

et al. 2018].  

Additionally, Dox-induced increase in apoptosis may be caused by the 

upregulation of death receptors (DRs), including TNF receptor 1 (TNFR1), Fas, 

DR4 and DR5. Death receptors are crucial mediators of apoptosis under 

physiological conditions. Individual DRs can be activated by their cognate ligands 

TNFα, Fas ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL) that 

trigger activation of a caspase cascade, cleavage of cellular proteins, and 

ultimately apoptosis of target cells [Annibaldi and Walczak 2020]. Using hiPS-

CMs, recent studies identified upregulation of DRs and subsequent apoptosis as 

a novel mechanism by which doxorubicin elicits toxicity in human cardiomyocytes 

[Zhao et al. 2017].  



72 

 

 

As Dox penetrates into the mithochondria, ROS-producing enzymes transform 

this molecule into a semiquinone. Semiquinones can be readily reacted with 

oxygen to create superoxide anions (O2
-), which can be neutralized into more 

stable and less toxic hydrogen peroxide (H2O2) by SOD, or further transferred to 

ROS in a sequence of reactions known as the redox cycle. Dangerously, H2O2 

and O2
- may produce highly reactive and toxic hydroxyl radicals (OH∙). These 

generated ROS then react with mitochondrial biomolecules in the vicinity, 

resulting in protein, mtDNA, and lipid peroxidation [Songbo et al. 2019]. Since 

Dox has also been reported to inhibit the autophagic process in CMs, damaged 

mitochondria may accumulate inside the cell, further exacerbating Dox-induced 

dysfunction [Li et al. 2016; Gu et al. 2018].  

Calcium dysregulation is another well-known and established mechanism 

contributing to DOX cardiotoxicity [Wallace 2007]. It has been postulated that 

doxorubicin and its metabolite, doxorubicinol, can deleteriously alter the activity 

of calcium handling proteins. Both RyR2 and SERCA are known binding targets 

of doxorubicin [Gambliel et al. 2002; Hanna et al. 2014], with the drug causing 

decreased SR Ca2+ content and increased cytoplasmic Ca2+ concentration during 

diastole [Wang et al. 2001; Sag et al. 2011].  Decreased gene expression levels 

of calcium handling proteins, like SERCA and NCX, have also been appointed as 

underlying cause of altered calcium homeostasis, as observed in a rabbit model 

of Dox-induced cardiomyopathy following treatment with DOX [Arai et al. 

1998]. This altered gene expression pattern is most likely due to the genomic 

damage caused by Dox. Taken together, these alterations induced by 

anthracyclines lead to cellular damage and cardiac dysfunction.  

To enhance its therapeutic efficiency, Dox is administered in combination with 

other pharmacological compounds in the treatment of breast cancer. Following 

anthracycline treatment, the human epidermal growth factor receptor 2 (HER2; 

ErbB2)/neu inhibitor Trastuzumab (Trz) improves outcomes in women with 

surgically removed HER2-positive breast cancer [Romond et al. 2005]. Trz is a 

monoclonal antibody targeting HER2, inducing an immune-mediated response 
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that causes internalization and downregulation of HER2. Cells treated with Trz 

undergo arrest during the G1 phase of the cell cycle via activation of p21 and p27 

[Bange et al. 2001]. It has also been suggested that Trz may downregulate AKT, 

therefore inhibiting cell proliferation [Kute et al. 2004]. Since the simultaneous 

delivery of Doxo and Trz results in enhanced cardiotoxicity, the current clinical 

protocols involve their sequential administration. However, Dox–Trz combined 

therapy is still associated with high risk of LV dysfunction in up to 25% of breast 

cancer patients [Advani et al. 2016], along with an increased risk of arrhythmia 

[Santoro et al. 2017]. The specific roles and effects of Dox and Trz in cardiotoxicity 

induced by their combined administration remain to be fully characterized.  
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Figure 12. Mechanisms underlying anthracycline-induced myocyte toxicity. DOX: doxorubicin; 

MT-CK: mitochondrial creatine kinase; Fe2+: iron; ROS: reactive oxygen species; Ca2+: calcium; 

TOPII: topoisomerase II; trans reg protein: transcriptional regulatory protein. [According to 

Framarino-Dei-Malatesta et al. 2017]  
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3.2 Dox-induced cellular senescence 

Despite solid evidence proving the induction of apoptosis in cardiomyocytes 

exposed to Dox in-vitro, there is controversy over the amount of contribution of 

this cellular process in Dox-induced cardiotoxicity in-vivo [Auner et al. 2001]. It 

has recently been suggested that senescence may be a novel mechanism of 

cardiotoxicity induced by low doses of Dox. As mentioned earlier, cellular 

senescence can be divided into two categories: replicative senescence (RS), 

which is programmed at a specific time when telomeric ends are exposed, and 

stress-induced premature senescence (SIPS), which is independent from TL 

[Campisi and d’Adda di Fagagna 2007]. SIPS is usually due to damaging stimuli, 

such as chemotherapy, which result in changes in the expression levels of 

regulatory proteins, leading to the impairment of cell functions, including the 

regenerative capacity [Vigneron et al. 2005; Spallarossa et al. 2010].  

It has been reported that low or high doses of Dox induce either senescence or 

apoptosis, respectively, in myocytes. Studies on neonatal mouse CMs showed 

that when exposed to low concentrations (0.25–1 µM) of Dox, the cells do not 

enter apoptotic program but exhibit a senescence-like phenotype [Maejima et al. 

2008; Spallarossa et al. 2009]. There are also reports concerning Dox-dependent 

senescence of vascular smooth muscle cells (VSMCs) from human umbilical 

artery, which compared stress-induced premature senescence (SIPS) to 

replicative senescence (RS) [Hodjat et al. 2012; Bielak-Zmijewska et al. 2013]. 

These studies observed classical markers of cellular senescence in both RS and 

Dox-induced SIPS, such as SA-β-gal activity, DNA damage foci, DDR pathway 

activation, changed morphology, increased superoxide production, SASP, 

increased cell granularity and increased micronucleation.  

There are different hypotheses about the underlying causes of Dox-induced SIPS. 

Studies performed on tumour cells indicate that low doses of Dox, as well as 

several other anti-cancer agents, induce mitotic catastrophe, a phenomenon that 

is characterized by chromosomal abnormalities and abnormal mitosis which leads 

to late cell death. The same studies demonstrated that cells that ultimately die of 
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mitotic catastrophe initially show a senescence-like phenotype [Eom et al. 2005]. 

Other publications also suggest that genomic damage to telomeres may also play 

a role in the SIPS program [Lechel et al. 2005].  

CMs and VSMCs are not the only targets of Dox-induced SIPS. The adult heart 

contains a population of primitive cells with stem cell characteristics that are 

responsible for tissue homeostasis in normal conditions and mediate myocardial 

regeneration in pathological states [Beltrami et al. 2003; Pfister et al. 2005; Bearzi 

et al. 2007; Smith et al. 2007]. Increasing evidence indicates that senescence of 

CPCs is a fundamental process that contributes to the onset and progression of 

aging and heart failure [Cesselli et al. 2001; Chimenti et al. 2003; Urbanek et al. 

2005; Gonzalez et al. 2008]. It has been shown in different models that Dox-

dependent SIPS is not restricted to cardiomyocytes, but severely affects also 

resident CPCs. Dox exposure impaired vascular development and reduced the 

number of CPCs in juvenile mice, resulting in a higher susceptibility of the 

heart to stress in the adult life [Huang et al. 2010]. In anthracycline-exposed rats, 

Dox decreased the number of functionally competent CPCs by inhibiting their 

proliferation together with accumulation of oxidative DNA damage, apoptosis and 

progressive cellular senescence. The depletion and premature senescence of the 

CPC population interfered with the physiological turnover of the myocardium in 

these animals [De Angelis et al. 2010]. A similar phenotype can be seen in CPCs 

isolated from patients and treated with Dox in-vitro, with premature senescence 

and impaired function as the long-lasting effects [Piegari et al. 2013].  

In light of this evidence, the induction of SIPS has been proposed as a novel 

mechanism of cardiotoxicity induced by low doses of Dox.  
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Part 4 

Cardioprotection 

  



83 

 

4.1 Protection of the senescent heart from injury 

The WHO has identified very cost-effective strategies for prevention and control 

of CVDs through diminishing the influence of modifiable risk factors. They 

described two types of interventions: population-wide and individual, which are 

recommended to be used in combination to reduce the greatest cardiovascular 

disease burden. Population-wide interventions include comprehensive tobacco 

control policies, taxation to reduce the intake of foods that are high in fat, sugar 

and salt, building walking and cycle paths to increase physical activity, strategies 

to reduce harmful use of alcohol, and providing healthy school meals to children.  

At the individual level, individual health-care interventions need to be targeted to 

those at high total cardiovascular risk. While aging and its consequences cannot 

be altogether stopped, one can presumably delay the normal cardiac aging 

process. Several studies in animal models have shown the potential of different 

therapeutic approaches to delay or partially revert aging, ranging from dietary 

restrictions to pharmacologic interventions (such as rapamycin, enalapril, and 

SS-31), recombinant protein therapy (IGF-1 and GDF-11), gene therapy 

(miRNAs), and cardiac stem cell therapy. While experimental data from animal 

models shows that aging can be modified by these strategies, to date no known 

intervention slows, stops or reverses the aging process in humans. In fact, 

researchers find some treatments, such as supplemental antioxidants, to be 

ineffective or even harmful [Henkel et al. 2019]. Future studies will be required to 

evaluate the translational potentials of these interventions.  

As a general rule for cardiac aging interventions, short-term treatments beginning 

at late life will have higher translational potential compared with long-term or life-

long treatments. This is particularly relevant to systemic treatments or treatments 

that target multiple pathways, as a briefer treatment will lower the chances of 

irreversible side effects [Chiao and Rabinovitch 2015]. Therefore, it is important 

to study the kinetics and pharmacodynamics of the treatment to determine the 

minimal effective dose and duration, as well as the persistence of the treatment 

to determine the optimum therapeutic regimen.  
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4.1.1 Clearance of senescence cells 

Despite their harsh internal and external microenvironments, senescent cells are 

viable. They survive even though they have active DNA damage responses, 

heightened metabolic flux, and increased local levels of SASP inflammatory 

cytokines and other factors that are able to induce apoptosis. Indeed, senescent 

cells are more resistant to stresses such as serum deprivation than non-

senescent cells [Wang 1995; Fridman and Lowe 2003]. In vivo, senescent cells 

appear to be removed by the immune system, rather than apoptosis or necrosis 

[Xue et al. 2007]. Therefore, it has been hypothesized that anti-apoptotic, pro-

survival mechanisms could be upregulated in senescent cells and interfering with 

these protective endogenous mechanisms.  

It has been shown in animal models that removal of senescent cells, targeted 

using a transgenic suicide gene or senolytic molecules, can protect against the 

aging phenotype and therefore lead to rejuvenating of the organism [Baker et al. 

2011; Thannickal 2013; Zhu et al. 2015]. Additionally, these studies produce 

direct evidence for the role of senescence in the organismal aging.  

 

4.1.2 Dietary restrictions 

The relationship between dietary patterns and cardiac aging is less well-studied. 

There are multiple observational studies to support a favourable association 

between long-term adherence to a Mediterranean diet with the absence of 

incident chronic disease [Assman et al. 2018; Samieri et al. 2013]. Epidemiologic 

trials dating back several decades have supported the health benefits of a diet 

rich in unsaturated fats and low in red meat, dairy, and sweets [Tracy 2013]. More 

recently, the PREDIMED (Prevencion con Dieta Mediterranea) study reported that 

a Mediterranean diet lowered rates of mortality due to the composite endpoint of 

MI, stroke, or CVD [Estruch et al. 2018]. It has been reported that the 

Mediterranean diet has anti-inflammatory and antioxidant effects, which explain 

its protective effects. Some studies have demonstrated a significant reduction in 

circulating levels of inflammatory markers, including IL-6 and IL-8, with long-term 

adherence to Mediterranean diet, along with antioxidant effects probably due to 
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assumption of polyphenols [Casas et al. 2017; Billingsley and Carbone 2018]. 

Indeed, other studies observed how moderate consumption of coffee, which is 

rich in polyphenols, significantly decreased risk of CVD, while high consumption 

significantly increased the risk [Kouli et al. 2018].  

Caloric restriction (CR) has also been described to attenuate cardiac aging, and 

CR mimetics are currently a major drug target. In animal models, dietary 

restriction reprograms the transcriptome, extends lifespan and decreases the 

burden of age-related diseases [Heiss et al. 2017; Ma et al. 2020]. Of note, the 

activity of Sirtuins, which act as stress‐response and survival proteins, is higher 

in caloric restriction states [Oellerich and Potente 2012; Preyat and Leo 2013]. 

Hence, CR may delay changes to cardiac and vascular function via promoting 

antioxidant defense mechanisms. Moreover, CR has been demonstrated to 

reduce cardiac apoptosis and myocardial interstitial fibrosis, while promoting 

angiogenesis [Alfaras et al. 2016]. There have been recent medications that mimic 

caloric restriction with the aim of delaying cardiac aging. For example, resveratrol, 

a polyphenol found in grapes, is being studied as it mimics caloric restriction by 

promoting FoxO and SIRT activity and expression [Tseng et al. 2014; Sin et al. 

2015].  

 

4.1.3 Stem cells transplants 

Since the proliferating and self-healing capacity of cardiomyocytes in adults is 

limited, increasing interest has been focused in exploiting the potential of 

autologous or allogeneic transplants of stem cells for heart repair and 

regeneration through restoration of cardiomyocytes and damaged myocardial 

tissue.  

Stem cells are specified as undifferentiated cells possessing the ability to 

generate, sustain, and replace terminally differentiated cells via unlimited 

replication. They show two basic features, perpetual self-renewal, and capability 

of differentiation into a specialized cell type under appropriate stimuli [Lanza and 

Atala 2013]. In cardiac regenerative medicine, the therapeutic use of pluripotent 
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stem cells (ESCs and iPSCs), potentially able to differentiate into all cell types of 

an organism (including mesodermal derived cardiomyocytes), is currently limited 

mainly due to the risk of immune rejection, genetic instability, tumorigenic 

potential, low induction efficiency, and ethical issues [Musunuru et al. 2018; 

Machiraju and Greenway 2019]. However, the safety and efficacy of multipotent 

or unipotent adult stem cells has already been intensively investigated in clinical 

trials over the last 15 years, with promising results from bone marrow 

mesenchymal stem cells (BMCs) [López et al. 2013].  BMCs are attractive for 

therapeutic use in cardiac regenerative medicine due to their relatively easy 

accessibility and further isolation from autologous bone marrow or blood. 

Accordingly, their potential to optimize heart function, angiogenic potential for a 

vascular regeneration, and favourable tolerance by the immune system holds 

additional benefit [Wernly et al. 2019]. However, exact mechanisms of cardiac 

repair by transplanted cells are still controversially discussed facing inconsistent 

results regarding therapeutic efficacy. Several independent studies have 

demonstrated that, while providing significant improvement in heart function, 

injection of MSC into the damaged myocardium results only in limited 

differentiation, mainly into vascular lineages [Tao et al. 2016]. 

 

4.1.4 Extracellular vesicles  

Alternative mechanisms and explanations for the beneficial effects of stem cell 

transplants despite low levels of differentiation are being investigated. Stem cell-

derived paracrine effect has emerged as a very promising strategy for the 

reactivation of endogenous mechanisms of repair and regeneration in several 

disease models [Gnecchi et al. 2008; Mirotsou et al. 2011; Bollini et al. 2013; Barile 

et al. 2014; Gallet et al. 2017; Barile et al. 2018]. In these studies, transplanted 

stem cells have been demonstrated to contribute to tissue regeneration by 

modulatory effects rather than direct differentiation into new functional tissue. 

This discovery has led to a significant paradigm shift, from exploring the stem cell 
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genome to analysing the stem cell ‘secretome’ as the whole of growth factors and 

chemo-attractant molecules produced by paracrine secretion.  

In the analysis of stem cell secretomes, there has been a growing interest on the 

characterization of extracellular vesicles (EV). EV are membrane-bound cellular 

components enriched with soluble bioactive factors (e.g. proteins, lipids) and RNA 

(regulatory miRNA, and mRNA) eliciting wide-ranging effects while mediating 

horizontal inter-cellular transfer of genetic information to recipient cells and 

modulating their function [Tetta et al. 2013]. EVs are secreted as micro-sized 

(microvesicles, Ø 0.2–1 µm) and nanosized (exosomes, Ø 40–150 nm) particles. 

Microvesicles are released as shedding vesicles by direct budding of the plasma 

membrane, while exosomes are produced in endosomal multivesicular bodies 

(MVB) and secreted as the MVB fuses with the plasma membrane [Lotvall et al. 

2014]. The isolation and characterization of exosomes (Exo) is still difficult, and 

distinct techniques such as chromatography, centrifugation, precipitation, and 

affinity-isolation are used, often in combination [Lawson et al. 2016; Takov et al. 

2018; Balbi 2020]. Still, given their similar size and density, none of these 

techniques purifies Exo completely from microvesicles, lipoproteins, and 

macromolecular complexes. Even the use of flow-cytometry is limited because of 

Exo’s extremely small size and, although these vesicles express surface markers, 

these proteins usually hint more towards the cell of origin than they are exosome-

specific [Arraud et al. 2014; Kowal et al. 2016]. Despite these methodological 

difficulties, exosomes have already been extensively evaluated and reviewed in 

the field of cardiovascular medicine.  

Recent studies have shown that the beneficial effects observed in preclinical 

models of ischemic heart disease following stem cell transplantation are mediated 

by EVs, progenitor cell-derived exosomes in particular. These beneficial effects 

include the activation of pro-survival, angiogenic, anti-inflammatory and anti-

fibrotic pathways, and the stimulation of resident endogenous progenitors, overall 

enhancing organ function [Rani et al. 2015]. EVs from adult mesenchymal stem 

cells (CPCs and BMCs) have been demonstrated to provide cardioprotection 

against acute myocardial infarction [Lai et al. 2010; Arslan et al. 2013; Bian et al. 
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2013; Barile et al. 2018], enhance wound healing [Zhang et al. 2014], counteract 

graft-versus-host-disease (GVHD) [Kordelas et al. 2014], reduce renal injury 

[Bruno et al. 2012], mediate liver regeneration [Tan et al. 2014], stimulate neural 

plasticity following stroke [Xin et al. 2012], and counteract Doxo-induced 

cardiotoxicity [Lazzarini et al. 2016]. Since cell-free delivery of bioactive cargos 

by EVs recapitulates the same beneficial responses of stem cell transplantation, 

they offer remarkable benefits over conventional cell therapy as immunologically-

unresponsive agents [Bobis-Wozowicz et al. 2015].  
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Scope of thesis and experimental design 
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The main goal of this PhD project has been the development of an in-vitro human 

model of cardiac senescence. This model will serve as a platform to both identify 

molecular mechanisms of human aging and test promising alternative therapies 

for cardioprotection and regeneration of the injured myocardium.  

Firstly, we proceeded to generate the senescence in-vitro model using human 

induced pluripotent stem cells (hiPSCs) from cardiac explants from patients. 

hiPSC were subsequently differentiated to functional cardiomyocytes (CM). We 

induced premature senescence in hiPSC-CMs by exposing them to a sub-lethal 

concentration of Doxorubicin (Dox) in culture. Dose dependent experiments were 

performed to adjust the dose and to obtain a consistent senescent model. 

Senescence markers at molecular, structural, and electrophysiological levels, 

along with changes in intracellular Ca2+ dynamics, ROS production and 

mitochondrial integrity were evaluated.  

Secondly, we utilized the generated senescence model to investigate the 

cardioprotective and possible anti-aging effects mediated by exosomes (Exo). 

Exo were isolated from cardiac progenitor cells (CPCs) and characterized. Then, 

senescent hiPSC-CMs were treated by exposure to Exo and markers of 

senescence and cellular integrity were re-evaluated.  

 

During my PhD I was also involved in other research studies in order to 

characterize:  

(1) Dox-induced cardiotoxicity in an in-vivo rat model; in particular, cardiotoxicity 

was evaluated following Dox injection alone or in combination with Trastuzumab 

(See ‘Part 7’, paper submitted to Basic Research in Cardiology,  

BRIC-D-20-00593);  

(2) the pathophysiological mechanisms of a multifactorial familial form of atrial 

fibrillation (AF), with particular attention to the identification of putative triggering 

cellular mechanisms, using patient-derived iPSC-CMs (See ‘Published Papers’, 

Cardiovasc Res 2020 May 1;116(6):1147-1160); 

(3) SERCA2a stimulation by Istaroxime in a model of diabetic diastolic dysfunction 

(See ‘Published Papers’, paper under revision at Cardiovasc Res, 2020-0042). 
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6.1  Abstract  

Aging of the heart involves adverse remodeling in cardiomyocytes (CMs), resulting in 

heart failure, which increases with age. This study exploits CMs from human induced 

pluripotent stem cells (iCMs) as a tool to reproduce and characterize mechanisms 

involved in aging and to be used as an in-vitro platform for cardioprotective 

approaches. Human somatic cells were reprogrammed into human induced 

pluripotent stem cells and subsequently differentiated in iCMs. A senescent-like 

phenotype (SenCMs) was induced by short exposure (3 hours) to doxorubicin (Dox) 

at the sub-lethal concentration of 0.2 µM. Dox treatment induced expression of cyclin-

dependent kinase inhibitors p21 and p16, and increased positivity to senescence-

associated beta-galactosidase (SA-β-gal) when compared to untreated iCM. SenCMs 

showed an increase in oxidative stress markers and a depolarized mitochondrial 

membrane potential, which resulted in decreased ATP production. Functionally, 

SenCMs showed impaired calcium handling and prolonged QTc as compared to iCM. 

The latter effect was ascribable at augmented sodium current (INaL) and concomitant 

reduction in delayed rectifier potassium current (IKr).  Exosomes derived from cardiac 

progenitor cells (Exo-CPC) were tested as ‘senostatic’ agent.  Exposure to Exo at the 

dose of ~2×103 particles/cell mitigated electrophysiological impairment SenCMs. 

Overall, we showed that SenCMs recapitulate the phenotype of aged primary CMs in 

terms of senescence markers, electrical properties and metabolic features. 

Additionally, we provided evidence that Exo-CPC can ameliorate age-related cardiac 

anomalies.  
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6.2  Introduction 

Cardiovascular diseases (CVDs) remain the leading cause of death, disability, and 

morbidity among chronic diseases [Roth et al., 2017]. Advanced age has been 

identified as one of the traditional risk factors for the development of CVDs 

[Dhingra & Vasan, 2012]. It is estimated that by the year 2035, nearly one in four 

individuals will be 65 years of age or older, and this change in the world 

demographics will result in a large increase in the prevalence of age-related 

cardiovascular disabilities with a high impact on the utilization of healthcare 

resources [Steenman & Lande, 2017].  In this context, it would be crucial to 

implement strategies that limit myocardial dysfunction in the elderly. A critical 

step in developing these approaches is understanding the age-related 

pathophysiological changes to unveil the mechanisms underlying the increased 

susceptibility of the aged heart to injury [Jahangir, Sagar, & Terzic, 2007].  

Primary drivers of tissue damage in aging, such as oxidative stress, DNA damage, 

mitochondrial dysfunction, and metabolic dysregulation, play a role in inducing 

cellular senescence. Senescence represents a cellular response to such stimuli, 

thereby being defined as an ‘antagonistic’ hallmark of aging [McHugh & Gil, 2018]. 

However, the discovery that senescent cells aberrantly accumulate in aging 

tissues has substantiated the hypothesis that senescence itself can drive aging 

[Childs, Durik, Baker, & van Deursen, 2015; McHugh & Gil, 2018]. Indeed, 

accumulating senescent cells secrete pro-inflammatory molecules triggering the 

senescence-associated secretory phenotype (SASP), with deleterious effects on 

the tissue microenvironment leading to age-dependent functional impairment 

[Kuilman, Michaloglou, Mooi, & Peeper, 2010]. Premature senescence 

participates in heart remodeling after myocardial infarction [Cui et al., 2018] and 

cancer therapy-induced cardiotoxicity [Mitry et al., 2020]. Therefore, studying the 

mechanisms underlying cellular senescence in cardiomyocytes (CMs) might 

pave the way for understanding the intricacies of age-related changes in the 

human cardiovascular system's physiology.  
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Currently, the most used approaches to study cellular senescence are the direct 

comparison of young and naturally aging animals or the exploiting of aging prone 

transgenic organisms [Reed et al., 2011]. However, the cardiovascular phenotype 

in aged animals mimics only partially the changes occurring in humans. CMs 

derived from human induced pluripotent stem cells (iCMs) offer an 

unprecedented platform that overcomes not only species-specific limitations but 

also the technical difficulties of accessing human primary CMs as well as their 

limited lifespan in culture. This study aimed to develop an in vitro tool for 

understanding human cardiac senescence's molecular basis that may affect age-

related CVDs.  Based on extensive published data showing that doxorubicin (Dox) 

can induce senescence in neonatal murine CMs [Maejima, Adachi, Ito, Hirao, & 

Isobe, 2008], cardiac progenitor cells (CPCs) [Piegari et al., 2013], and vascular 

smooth muscle cells [Bielak-Zmijewska et al., 2014], we used sub-apoptotic doses 

of Dox as an inducer of senescent-like phenotype in human iCMs. We explored 

phenotypic and functional properties of senescent CMs (SenCM) in comparison 

to untreated control iCMs. Moreover, we provided preliminary data showing that 

CPC-derived exosomes (Exo), known as critical mediators of cardioprotective 

effect of stem/progenitor cells in acute and chronic models of cardiac injury 

[Barile et al., 2014; Ciullo et al., 2019; Milano et al., 2020], possess modest but 

present features as ‘senostatic’ agent. To our knowledge, the present study is the 

first to report that premature senescence can be induced in human iCMs, 

showing the potential of this platform to investigate in vitro therapeutic 

approaches aimed at reducing the detrimental accumulation of senescent cells in 

aging organs and elucidate molecular mechanisms underlying senescence in 

human cardiomyocytes.  
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6.3  Results 

 

6.3.1 Sub-lethal concentrations of Dox induces cell cycle arrest in human 

iCMs accompanied by negligible cytotoxicity 

We successfully generated three different lines of human induced pluripotent 

stem cells (hiPS) from cardiac somatic cells source as previously described 

[Pianezzi et al., 2020].  hiPS were reprogrammed to functional cardiomyocytes 

(iCMs) using a small molecules protocol (see Methods). Phenotypic and 

functional characteristics of iCMs were described by recent studies from our lab 

[Altomare et al., 2016; Pianezzi et al., 2020]. 

Premature senescence was induced in iCMs by a short-time exposure to sub-

lethal doses of Dox followed by drug washout (Supplementary Figure 1A). Cells 

were analyzed for the expression of senescence-associated beta-galactosidase 

(SA-β-gal) and simultaneously monitored for cell death hallmarks. As compared 

to untreated control iCMs, cell-viability decreased upon exposure to Dox in a 

dose-dependent manner (Figure 1A), whereas the activity of SA-β-gal tended to 

increase and peaked at 0.2 µM (Figure 1B). Overall, these data showed that 0.2 

µM Dox induces expression of well-known senescence biomarkers with minimal 

cytotoxicity. Thus, iCMs treated with 0.2 µM Dox are hereinafter referred to as 

senescent-like CMs (SenCMs). Unless otherwise specified, measurements were 

performed 4 days following Dox treatment. 

Since iCMs possess residual capability of DNA synthesis leading to poly-

nucleation and limited cell division, we assessed the effect of Dox on the capacity 

of iCM to incorporate the thymidine analogue 5-ethynyl-2′-deoxyuridine (EdU). 

0.2 µM Dox treatment dramatically decreased the incorporation of EdU by 16-fold 

as compared to untreated iCMs (Figure 1C).  

6.3.2 SenCMs display components of senescence-associated pathways   

To test whether SenCMs exhibit a typical features of  Dox-induced DNA-damage 

that might trigger the onset of senescence processes [Chandrasekaran, Idelchik, 
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& Melendez, 2017; Watanabe, Kawamoto, Ohtani, & Hara, 2017], we performed a 

series of experiments assessing the  phosphorylation of histone H2AX on serine 

139 (γ-H2AX), the induction of cyclin‐dependent kinase inhibitors (CDKIs), and 

the expression of SASP-associated cytokines.  

Dox treatment increased the number of γ-H2AX-positive nuclear foci more than 

5-fold as compared to control iCMs (Figure 2A). Accumulation of γ-H2AX in 

SenCMs was associated with augmented expression of p21cip1/waf1 and p16INK4a at 

both mRNA and protein levels (Figure 2B-E). Unexpectedly, the transcript levels 

of p16INK4a peaked at 24 hours after treatment and rescued at the basal level at 

48 hours (Figure 2D). SenCMs were also characterized by an increased 

expression of SASP-associated genes. Levels of expression of IL-8 and  

SERPIN-1 mRNAs were 4-fold higher in SenCMs vs. iCMs (Figure 2F). Finally, as 

an exacerbated release of atrial natriuretic peptides (ANP) and brain/B-type 

natriuretic peptides (BNP) is often associated with cardiac aging [Li et al., 2017], 

we explored whether this also occurs in SenCMs. The transcript of ANP and BNP 

have a trend toward the increase upon treatment with Dox, although not 

significant (Figure 2G).   

6.3.3 Dox-induced senescence is associated with mitochondrial 

dysfunction and oxidative stress in SenCMs  

Mitochondria are essential determinants of cellular homeostasis in CMs due to 

the high energetic demand of these cells. The senescence process is generally 

associated with detrimental alterations in mitochondrial function and increased 

production of reactive oxygen species (ROS) [Tocchi, Quarles, Basisty, Gitari, & 

Rabinovitch, 2015]. Therefore, we evaluated the extent to which these aspects 

affect our model by measuring intracellular ROS levels and evaluating 

mitochondrial integrity.  

SenCMs had significantly increased ROS levels as compared to iCMs (Figure 

3A). Contextually, the membrane potential (ΔΨm) of mitochondria, assessed 

using the potential-sensitive dye JC-10, became significantly depolarized in 
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SenCMs (Figure 3B), suggesting a potential disruption in organelle integrity. 

Indeed, SenCMs had a generalized decline of metabolic capacity, as shown by 

the significant decrease in the cellular ATP/AMP ratio (Figure 3C). The imbalance 

in the energetic fluxes in SenCMs was associated with increased activity of the 

5ʹ-AMP-activated protein kinase (AMPK) as highlighted by the positive ratio 

between the Thr172 phosphorylated AMPK (pAMPK) and the total protein level 

(Figure 3E). However, the increased activity was not accompanied by 

concomitant increase in protein expression level (Figure 3D). This suggests that 

cytosolic AMP levels could intrinsically increase AMPK activity by inducing its 

allosteric activation [Kim, Yang, Kim, Kim, & Ha, 2016].  

6.3.4 Dox-induced senescence affects electrical properties and intracellular 

Ca2+ dynamics of SenCMs 

Aging is associated with an increased incidence of cardiac arrhythmias and heart 

failure. Indeed, the ability of senescent CMs to respond to stressors is 

compromised by ionic remodelling, abnormalities in calcium handling, and 

defective sarcoplasmic reticulum (SR)-mitochondria crosstalk [Mirza, Strunets, 

Shen, & Jahangir, 2012; Ruiz-Meana et al., 2019]. Dox is also known to cause 

arrhythmias in humans as well as animal models [Doherty et al., 2015; Zhu, Shou, 

Payne, Caldwell, & Field, 2008]. Using the technology of microelectrode arrays 

(MEA), we sought to explore whether Dox-induced senescence may affect QT 

intervals by measuring its equivalent at cellular level, the field potential duration 

(FPD). We found that electrophysiological properties of multicellular preparations 

of SenCMs were significantly altered as compared to iCMs, with a time-

dependent increase of the corrected FPD (or QTcB) (Figure 4A). Notably, the 

prolongation of QTcB worsened over time and reached a steady-state value 5-7 

days after single Dox exposure at day 0, while the RR interval was not significantly 

affected by Dox treatment (Supplementary Figure 1I).  

As the QT interval reflects the duration of the action potential (AP) at a single-cell 

level, we further investigated by patch-clamp analysis the specific contribution of 
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inward and outward ionic currents that might explain the QT prolongation 

observed at multicellular level. As first attempt we investigated the rapid delayed 

rectifier K+ current (IKr) I/V relationship, mediated by the HERG (also known as 

KCNH2) channel. We found that SenCMs showed significant downregulation of 

IKr density (3 µM E4031-sensitive current) in comparison to control iCMs 5-7 days 

after Dox treatment (Figure 4B). Moreover, the protein expression level of the 

HERG channel at this time point was reduced in SenCMs vs. iCMs (Figure 4C).  

As it was the first time that a decrease in expression of KCNH2 was associated 

with senescent CMs, we took advantage of our in-house biobank of human atrial 

appendage tissue specimens to verify a possible correlation between the protein 

levels and the age of the donors. Consistent with the in vitro data, we found a 

significant inverse correlation between KCNH2 expression and age of the patient 

(Figure 4D). 

A second cause of prolonged QT in CMs might be ascribable to an increased 

inward current during the plateau phase of the AP. Thus, we evaluated the Dox-

induced modulation of the late component of Na+ current (INaL), a good candidate 

accordingly to its sensitivity to the cellular redox state [Yang et al., 2015]. INaL was 

isolated as TTX (2 µM)-sensitive current (ITTX) by applying slow voltage ramps. 

Inward ITTX might be representative of both Na+ window current at negative 

potentials and INaL at more positive potential [Rocchetti et al., 2014]. Inward ITTX 

measured at 0 mV (representative of INaL) significantly increased in SenCMs 

compared to iCMs 5-7 days following Dox treatment (Figure 4E). Accordingly, 

the proportion of CAMKII phosphorylated on the Thr286 of its alpha subunit 

(pCAMKII), a well-known modulator of INaL [Hegyi et al., 2018], tended to increase 

in SenCMs (Figure 4F). Overall, the combination of IKr downregulation and INaL 

enhancement may justify the Dox-induced senescence-dependent electrical 

remodeling leading to QT prolongation. 

Next, we studied the intracellular Ca2+ dynamics in FLUO-4 voltage clamped 

iCMs. In comparison to controls, Ca2+ transient (CaT) amplitude and sarcoplasmic 

reticulum Ca2+ content (Ca SR), evaluated through a caffeine (10 mM) pulse, were 

significantly reduced in SenCMs 5-7 days after treatment, leading to a similar 
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fractional release (0.41±0.04 vs 0.44±0.04, ns). Both Ca2+ influx through L-type 

Ca2+ channel (Figure 4G) and peak ICaL density (-9.8±1.4 pA/pF vs -11.1±1.1 

pA/pF, ns) at 0 mV were not significantly affected in SenCMs. These results 

suggest reduced SR Ca2+ uptake in SenCMs, probably as a consequence of 

SERCA2a downregulation, as previously reported in aged animal models 

[Hamilton & Terentyev, 2019].  

 

6.3.5 CPC-derived exosomes ameliorate mitochondrial health and energy 

status in SenCMs  

Cardiac progenitor cells (CPCs)-derived Exosomes (Exo) are secreted 

nanovesicles known for their cardioprotective effects in different models of acute 

cardiac ischemia [Barile et al., 2018; Barile et al., 2014; Gallet et al., 2017]. 

Moreover, CPC-Exo has shown to attenuate Dox-induced oxidative stress in 

cardiomyocytes [Milano et al., 2020]. 

Based on these recently published data, we addressed whether Exo could also 

rescue the senescent phenotype induced by Dox in human iCMs. To explore this 

hypothesis, SenCMs were exposed to CPC-Exo (2×103 Exo/cell) 24 hrs after Dox 

treatment (Supplementary Figure 1A). CPC-derived Exo significantly prevented 

Dox-induced increase of ROS levels (Figure 5A) and significantly blunted Dox-

induced mitochondrial membrane potential depolarization in SenCMs (Figure 

5B). Consistently, ATP/AMP ratio was rescued at basal level (Figure 5C), and 

activity of AMPK (Figure 5D) was normalized towards the values of iCMs. 

However, SenCMs exposed to CPC-Exo did not differ from their untreated 

counterpart in terms of a p21cip1/waf1 and SA--Gal expression (Figure 5E-F, 

Supplementary Figure 1D), cell viability (Supplementary Figure 1E), and 

number of γ-H2AX-positive nuclear foci (Supplementary Figure 1F). 

Conversely, restoration of cellular energetic balance directly affected INaL, which 

was restored towards the values of control cells along with CAMKII activity 

(Figure 5G-H), probably justifying the protective effects of Exo on Dox-induced 
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QT prolongation (Figure 5I). Concurrently, Dox-induced IKr downregulation was 

not affected by Exo treatment (Supplementary Figure 1G-H). 
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6.4  Discussion  

Stressors such as DNA-damaging agents [Wlaschek et al., 2000], overexpression 

of oncogenic genes [Spyridopoulos, Isner, & Losordo, 2002], and oxidants [Chen, 

Tu, & Liu, 2000] can induce age-independent senescence. Stress-induced 

premature senescence (SIPS) not only plays a role in the arrest of cell cycle and 

cell propagation in replicating tissues, but also impairs the functionality of organs 

with scarce residual replicative capacity, as it is the heart. SIPS is considered a 

novel mechanism in the heart remodelling after acute myocardial infarction (Cui 

et al., 2018) and cancer therapy-induced cardiotoxicity [Mitry et al., 2020]. 

Maejima et al. reported that murine neonatal cardiomyocytes (CMs) that undergo 

SIPS have common features of replicative-senescence, including upregulation of 

cell-cycle regulatory inhibitors, expression of SA-β-gal, and the attenuation of 

telomerase activity [Maejima et al., 2008]. Here we extended existing data to 

human iPS-derived cardiomyocytes (iCMs), overcoming potential specie-specific 

limitations, and exploring functional electrophysiological properties of artificially 

aged human CMs. This report showed that sub-toxic concentration of doxorubicin 

induced expression of either p21 and p16 in human CMs and causes cellular 

senescence. Senescent cells displayed components of DNA-damage response 

(DDR), such as γH2AX foci.  The first consequence of these effects, is that the 

residual cardiomyocyte renewal – which has been demonstrated occurring in 

humans by approximately 0.5% to 2% per year [Bergmann et al., 2009] and 

accounting for a stable turnover of cardiomyocytes in the healthy adult heart 

[Eschenhagen et al., 2017] – might be impaired by SIPS. In fact, the synthesis of 

new DNA was dramatically abrogated in iCMs following Dox treatment (Figure 

1C). Additionally, as SenCMs showed mitochondrial damage in terms of a 

reduction in mitochondrial membrane potential and consequently impaired 

energy production capability. The model can mimic the peculiar effects of aging 

on mitochondria during the development of heart failure [Doenst, Nguyen, & Abel, 

2013]. 
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Importantly, we provide evidence showing that stress-induced senescence 

affects ionic currents in human CMs. We observed a reduction of the rapid 

delayed rectifier K+ current (IKr) and enhancement of the late Na+ current (INaL) in 

SenCMs vs. control ones, resulting in a prolonged QTc interval. The latter 

constitutes a downright novel finding that supports at a cellular level a recent 

population study by Rabkin and colleagues [Rabkin, Cheng, & Thompson, 2016]. 

They applied a rigorous analytical method to compare six QTc formulae and 

clearly showed that older individuals have a greater QTc. A significant association 

between QTc and age was evident in both sexes and regardless of whether they 

considered a linear or non-linear relationship [Rabkin et al., 2016]. This finding 

was sustained by our data in human tissue showing a significant inverse 

relationship between age and KCNH2 expression (Figure 4D). Although some 

aspects of the study from Rabkin and colleagues remain controversial as other 

investigators have reported no association between age and QTc [Huang, Lin, 

Pan, & Chen, 2010; Tran, White, Chow, & Kluger, 2001], our data supports the 

hypothesis that elderly patients are more vulnerable to situations and medications 

that might prolong the QTc, leading to increased propensity to arrhythmias. 

Electrical activity was associated to alteration in Ca2+ handling in SenCMs. In 

particular, while Ca2+ influx was not significantly altered, SR Ca2+ content and 

release were reduced in SenCMs, thus suggesting a compromised functionality 

of SERCA2a pumping activity in senescent CMs. A similar finding has been 

reported in animal models [Hamilton & Terentyev, 2019] and can justify the 

diastolic relaxation impairment in the aged population [Kitzman, 2000].  

Moreover, our data sheds light on the significance of having an in vitro platform 

for exploring cellular senescence and its link with aging-associated pathologies, 

as well as to dissect specific drug effects on aging tissues and organs. 

Contextually, we found that exosomes derived from CPCs, which have been 

previously demonstrated to be cardioprotective in acute and chronic models of 

heart injury [Barile, Gherghiceanu, Popescu, Moccetti, & Vassalli; Ciullo et al., 

2019; Gallet et al., 2017; Gao et al., 2020; Milano et al., 2020], partially 

antagonized Dox-induced senescence in human CMs. This new information 
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integrates previous findings that CPC-Exo attenuates anthracycline-related 

oxidative stress in CMs [Milano et al., 2020]. This primary effect of Exo, likely due 

to these vesicles enveloping numerous proteins involved in redox processes (e.g. 

SOD2) [Milano et al., 2020], significantly affects the electrophysiological 

properties of aged CMs, thus giving insights and new perspectives for the 

therapeutic use of exosomes in cardiovascular disease.  

Finally, our data substantiate that senescence of cardiac cells is an event of 

primary importance for the occurrence of anthracycline-related cardiomyopathy 

[Altieri et al., 2016].  
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6.5  Methods and Materials 

6.5.1 Generation and characterization of human iPS cells 

Right cardiac atrial appendage tissue specimens were collected from patients 

who underwent surgical repair of heart valves and had no concomitant coronary 

artery disease. Patients gave written informed consent. Cardiac progenitor cells 

(CPCs) were derived as cellular outgrowth from the explants using an ex vivo 

primary tissue culture technique, as previously described [Barile et al., 2014; 

Pianezzi et al., 2019]. Atrial tissue was rinsed with phosphate buffer saline (PBS) 

and cut into small pieces that were placed into a 100-mm cell culture dish 

(Corning). To facilitate cell outgrowth, atrial tissue was treated with Trypsin/EDTA 

(SIGMA Life Science) for 2–3 min. Tissue pieces were then moved to a 100-mm 

dish coated with 0,02% gelatin and cultured in IMDM medium (Iscove's Modified 

Dulbecco's Medium) supplemented with 20% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (all from Life Technologies). The culture medium was 

changed twice a week. After 25–30 days of culture, CPCs were enzymatically 

detached using Trypsin/EDTA and transferred to a gelatin-coated 35-mm dish 

(Corning, 2.5×105 cells/dish). After an additional 48 h, CPCs were transduced with 

the integration-free Sendai virus cocktail hKOS:hc-Myc:hKlf4 at a MOI of 5:5:3 

(CytoTune-iPS 2.0 Sendai Reprogramming Kit, Thermo Fisher Scientific), as per 

manufacturer's instructions. The virus was removed after 24 h and the medium 

was changed daily in the next 7 days. A week after transduction, medium was 

changed to StemFlex (Thermo Fisher Scientific). Individual colonies with ESC-

like morphology typically appeared after 25-35 days and were transferred 

manually into 12-well plates coated with Matrigel (hESC Qualified Matrix, 

Corning) and expanded. Established human iPS cell lines were maintained in 33-

mm Matrigel-coated plates (Falcon), passaged with TrypLe solution (TrypLE 

Express Enzyme 1x, Thermo Fisher Scientific) and cultured in StemFlex medium.   

6.5.2 Directed differentiation of iPS cells into CMs  
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Directed differentiation of human iPS cells into iCMs was performed via WNT 

signaling pathway modulation. Differentiation was initiated at 90% confluence in 

12-well Matrigel-coated plates with a differentiation medium composed of RPMI 

1640 supplemented with B-27 minus insulin (Thermo Fisher Scientific) with 4 μM 

CHIR99021 (Merck Millipore) for 48 h and subsequently 5 μM IWP4 (Merck 

Millipore) for 48 h [Lian et al., 2013]. The medium was changed to a maintenance 

medium composed of RPMI 1640 with B-27 plus insulin (Thermo Fisher Scientific) 

at day 7. Metabolic selection of CMs was performed using a selection medium 

composed of RPMI 1640 without glucose (Thermo Fisher Scientific), 0.5 mg/ml 

human recombinant albumin, 0.2 mg/ml L-ascorbic acid 2-phosphate, and 4 mM 

lactate (Sigma-Aldrich) from days 10 to 17. Afterwards, hiPSC-CMs were cultured 

in maintenance medium at least to day 30 for further maturation.  

6.5.3 Exo purification 

Medium conditioned by CPCs was obtained by culturing cells in DMEM 

(Dulbecco’s Modified Eagle’s Medium, Thermo Fisher Scientific). After 7 days the 

conditioned medium was centrifuged at 3000 g for 15 min, filtered through a 0.2 

mm membrane (BD Biosciences) and processed using ultracentrifugation at 100 

000 g for 90 min. The exosomes (Exo) pellet was re-suspended in 100–500 µL of 

phosphate-buffered saline (PBS, pH 7.4) and stored at -80°C. Three different Exo 

preparations were pooled and used for every experimental procedure.  

Nanoparticle tracking analysis was performed using NanoSight LM10 (Malvern 

Instruments, Worcestershire, UK).   

6.5.4 Dox-induced senescence model 

Optimal conditions to obtain a doxorubicin (Dox)-induced senescent phenotype 

were determined by testing different experimental protocols. Of the tested 

conditions (including different concentrations of Dox, acute or chronic treatment, 

acute treatment with Dox exposure for different time periods), we obtained the 

best results with acute exposure of iCMs to 0.2 µM Dox for 3 hours. Briefly, 
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spontaneously beating iCMs were enzymatically dissociated (Multi Tissue 

Dissociation Kit 3, Miltenyi Biotec) and then plated in Synthemax II-SC Substrate 

(Corning)-coated wells (5×104 cells/cm2). After 24-48 hours, part of the wells had 

the maintenance medium replaced with Dox-containing maintenance medium to 

obtain senescent-like cardiomyocytes (SenCMs). After 3 hours from Dox 

administration, all cells were washed twice with PBS and placed back in fresh 

maintenance medium. One day after the Dox treatment, part of the SenCMs was 

randomly selected and exposed to CPC-Exo (2×103 Exo/cell) for 24 hours. 

Treated cells were then characterized at different time-points.   

6.5.5 SA-β-gal staining  

iCMs were stained for senescence-associated β-galactosidase (SA-β-gal) activity 

as previously described [Dimri et al., 1995]. Briefly, after appropriate DOX 

exposure, the cells were washed twice with PBS, fixed with 2% formaldehyde and 

0.2% glutaraldehyde in PBS, and washed twice in PBS. Cells were stained in X-

gal staining solution (1 mg/ml X-gal, 40 mmol/l citric acid/sodium phosphate, 5 

mmol/l potassium ferricyanide, 5 mmol/l potassium ferrocyanide, 150 mmol/l 

NaCl, 2 mmol/l MgCl2, pH 6.0). After 6 hours, cells were washed twice with PBS. 

For a sensitive determination of the total cell number, cells were counterstained 

with 1 µg/ml Hoechst 33342 (Molecular Probes). Stained cells were examined 

using Lionheart FX Automated Microscope (BioTek Instruments Inc., Winooski, 

VT, USA).   

6.5.6 Cell viability  

Cellular viability was assessed by double labeling of cells with 1 μM calcein-AM, 

1µg/ml Hoechst 33342 and 1.2 μM DRAQ7. Viable total and dead cells were 

counted using the Lionheart FX Automated Microscope (BioTek Instruments Inc., 

Winooski, VT, USA).   

6.5.7 Immunochemistry 
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After appropriate treatment, iCMs were washed twice with PBS and then fixed for 

5 min at RT using a PFA-4%/sucrose-2% solution. Fixed cells were incubated for 

10 min with glycine 0.1 M and then washed with PBS for 5 min. Cells were then 

permeabilized with 3 washes of 0.1% Triton X (Triton X detergent, Sigma-Aldrich) 

in PBS for 10 min each, followed by a 5-min wash with PBS. Cells were then 

blocked in bovine serum albumin (BSA) 2% (Sigma-Aldrich) for 1 h at RT. 

Subsequently, they were incubated with PBS containing 0.1% Tween, 0.2% BSA, 

and the primary antibody for 2 h at 37 °C. To assess cardiac differentiation, cells 

were stained using antibodies against Sarcomeric Actin (α-S-Actin) (Abcam 

9465) and cardiac Troponin T (cTnT) (13-11 Thermo Fisher), while to assess 

presence of DNA damage, cells were stained using antibodies against γ-H2AX 

(9718 Cell Signaling ). Nuclei were counterstained with DAPI (1:1000), EdU (1 

µM) where supplied 24h post-doxorubicin treatment and revealed with Click-it kit 

(Thermo Fisher) following manufacturer protocol to measure active DNA 

synthesis. Stained cells were examined using Lionheart FX Automated 

Microscope (BioTek Instruments Inc., Winooski, VT, USA).   

6.5.8 Real time PCR analysis 

For RNA extraction, iCMs were washed twice using a 1:1 DMEM/F12 solution, and 

RNA was extracted by adding 1 mL of TRI-Reagent (Sigma-Aldrich) as per 

manufacture instructions. For reverse transcription, 1 μg of RNA was reverse-

transcribed using GoScript Reverse Transcription System kit (Promega) as per 

manufacture instructions. To perform real-time PCR, the following mix was used: 

6 μL DEPC water, 5 μL SYBR Green, 2 μL of cDNA diluted 1:50 in DEPC water, 1 

μL primers forward 10mM, and 1 μL primers reverse 10mM. Amplification and 

detection of specific products were performed in triplicate using a CFX Connect™ 

Real-Time PCR Detection System (Bio-Rad Labs). The threshold cycle (Ct) of 

each gene was automatically defined and normalized to the control gene GAPDH 

(ΔCt value). To compare gene expression levels among different treatments, 

ΔΔCt values in treated CMs were calculated as the differences between the ΔCt 
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value in these groups and the ΔCt value in untreated CMs following Livak method 

(ref doi: 10.1006/meth.2001.1262.). Primers sequences are shown in 

Supplementary Table 1. 

6.5.9 Western blot analysis  

Total proteins were extracted by lysing cells and then heated at 95 °C for 5 min 

with Laemmli SDS sample buffer 6× with 0.375 M Tris-HCl pH 6.8, 12% SDS, 60% 

glycerol, 0.6 M DTT, 20% (v/v) beta-mercaptoethanol 70.2% (w/v) bromophenol 

blue (VWR International LCC). Proteins were separated on 4–20% Mini-

PROTEAN® TGX™ Precast Gel (Bio-Rad), and transferred onto a PVDF 

membrane with a semi-dry transfer system (Bio-Rad). The membranes were 

blocked for 1 h with Intercept (TBS) Blocking Buffer (Licor), and incubated with 

the primary rabbit polyclonal Abs at 4 °C overnight (anti-p16, 1:1000, Proteintech; 

anti-p21, 1:1000, Abcam; anti-KCNH2, 1:200, Alomone; anti-AMPK, 1:1000, Cell 

Signaling; anti-CAMKII, 1:2000, Abcam). Membranes were then rinsed and 

incubated with appropriated secondary antibodies at RT for 2 h. Subsequently, 

the membranes were rinsed and analysed using the Odyssey CLx Detection 

System (LI-COR Biosciences). 

6.5.10 ATP/AMP ratio  

iCMs were lysed by incubation with an ultrapure water buffer containing 

perchloric acid 2.5% for 10 min, followed by a freeze (-20 °C)-thaw cycle. The 

lysate was then incubated with KH2CO3 for 5 min, resulting in crystal and CO2 

formation. At the end of the reaction, the supernatant was centrifuged (18000 G 

for 15 min) to remove any precipitate. For ATP detection, the supernatant was 

incubated with an ultrapure water buffer containing (mM) 100 Tris, 50 glucose, 

0.2 NADP+, 5 MgCl2, 0.27 HK/G6PDH. The increase in absorbance over time 

indicated the reduction of NADPH and it correlated with the ATP levels in the 

supernatant. For AMP detection, the supernatant was incubated with an ultrapure 

water buffer containing (mM) 100 Tris, 0.15 NADH, 0.2 ATP, 1 PEP, 5 MgCl2, 0.27 
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PK/LDH, 0.27 AK. The decrease in absorbance over time indicated the oxidation 

of NADH and it correlated with the AMP levels in the supernatant. 

6.5.11 ROS detection assay 

iCMs were seeded in 96-well/clear bottom plates for fluorescent measurements. 

Cells were washed twice with PBS and then incubated at 37°C in the dark with 

the ROS staining buffer containing dihydroethidium (5 µM After 30 min of 

incubation, designated positive control wells were treated with TBHT (100 µM). 

After 30 additional minutes, iCMs were gently washed with PBS. The fluorescence 

was measured using the Infinite M-series fluorescent plate reader (TECAN) using 

an excitation wavelength of 480-520 nm and an emission wavelength of 580-600 

nm. 

6.5.12 JC10 assay 

Designed positive control cells were incubated with maintenance medium 

containing CCCP (carbonyl cyanide m-chlorophenyl hydrazine) at 37 °C for 1 

hour. All wells were then washed twice with PBS and incubated with the JC10 

dye (Abcam) as per manufacturer instructions. After 45 minutes of incubation, the 

fluorescence was measured using the Infinite M-series fluorescent plate reader 

(TECAN) using an excitation wavelength of 490 nm and an emission wavelength 

of 520-570 nm. 

6.5.13 Microelectrode arrays 

Field potentials (extracellular recordings) of spontaneously beating clusters of 

iCMs (cardiac bodies, CBs) were recorded at 37 °C using a 60MEA100/10iR-Ti-

gr 64-electrode Microelectrode Arrays (MEA, Multi Channel Systems). CBs were 

seeded in the Syntemax-coated MEA chambers (volume 500 µl) for at least 4 

days before appropriate DOX treatment and recordings. The latter were 

performed in maintenance medium. For each time-point, measurements were 

taken 10 minutes after signals had reached a steady state value. The duration of 
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field potentials (FPD), reflecting the electrical systole, was measured from the 

onset of the sharp positive deflection to the peak of the secondary slow deflection. 

This measurement is representative of the electrocardiographic QT interval. The 

rate corrected QT intervals (QTc) were calculated by applying Bazett's correction 

(QTc = QT/√RR). MEA data analysis was performed with MC Rack, MC Data Tool 

(both by Multi Channel Systems) and Clampfit 10.7 (Molecular Devices). 

6.5.14 Membrane currents 

iCMs were voltage-clamped in the whole-cell configuration at physiological 

temperature. iCMs were superfused at 2 ml/min with the extracellular Tyrode’s 

solution containing (mM) 154 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 5 HEPES-NaOH, 5.5 

D-glucose (pH 7.4). Pipette solution contained (mM): 110 K-aspartate, 23 KCl, 3 

MgCl2, 2 CaCl2, 5 HEPES-KOH, 5 EGTA-KOH, 5 ATP Na+-salt, 5 phosphocreatine 

Na+ salt, 0.4 GTP Na+ salt (pH 7.35). Membrane capacitance (Cm) and series 

resistance were measured in every cell and left uncompensated. Signals were 

acquired with Axopatch 200A (Molecular Devices) connected to a Digidata 1200 

(Molecular Devices) and filtered at 2 kHz via pClamp 8 (Molecular Devices). 

Current densities (pA/pF) were obtained by normalizing current amplitudes to Cm. 

The rapid delayed rectifier K+ current (IKr) was recorded as E-4031 (3 μM)-

sensitive current by applying depolarizing steps from -40 mV to +40 mV in the 

presence of IKs and ICaL blockers (1 µM) HMR1556 and (1 µM) nifedipine 

respectively. IKr I/V relationships were obtained by measuring tail currents at -40 

mV.  The late component of the Na+ current (INaL) was isolated as TTX (2 μM)-

sensitive current (ITTX) by applying slow voltage ramps (28 mV/s) from -100 mV to 

+40 mV. ITTX at 0 mV was taken as representative of INaL, while peak ITTX value, 

occurring at more negative potentials, was assumed to reflect the Na+ ‘window 

component’ (INaw) as previously described [Rocchetti et al., 2014].   

6.5.15 Intracellular Ca2+ dynamics 
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Cytosolic Ca2+ and membrane current were simultaneously recorded in V-

clamped iCMs loaded with Fluo4-AM (10 µM). iCMs were superfused at 2 ml/min 

with the Tyrode’s solution added with 2 mM 4-AP and 1 mM BaCl2 to block K+ 

currents. Pipette solution contained (mM) 110 K-aspartate, 23 KCl, 3 MgCl2, 0.04 

CaCl2, 5 HEPES-KOH, 0.1 EGTA-KOH, 5 ATP Na+-salt, 5 phosphocreatine Na+ 

salt, 0.4 GTP Na+ salt, 0.01 Fluo4-K+ salt (pH 7.3). Resting fluorescence at -80 mV 

was used as reference (F0) for signal normalization (F/F0) after subtraction of 

background. Ca2+ transients (CaT) and ICaL were recorded during 300 ms steps 

to 0 mV following 50 ms step to -35 mV to inactivate Na+ channels. ICaL was 

isolated as nifedipine (10 μM)-sensitive current; nmols of Ca2+ entering the cell 

(CaL influx) were quantified integrating ICaL during the step. Sarcoplasmic 

reticulum (SR) Ca2+ content (CaSR) was estimated by both integrating the 

Na+/Ca2+ exchanger (NCX) current (INCX) and measuring CaT amplitude elicited 

by caffeine (10 mM) pulse, obtaining comparable results.   

6.5.16 Statistical analysis 

Data are expressed as the mean ± standard error of the mean (SEM) of 

independent experiments. The differences between groups were tested with 

unpaired t-test or one-way ANOVA analysis as appropriate. Post-hoc comparison 

between individual means was performed with Tukey test. A p-value < 0.05 was 

considered statistically significant.  
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6.6  Figure Legends 

Figure 1: Response of human iPS-derived cardiomyocytes (iCMs) to 

doxorubicin (Dox). Response of human iPS-derived cardiomyocytes (iCMs) to 

doxorubicin (Dox). Cells were incubated with low concentrations (0.2, 0.5, or 1 

µM) of Dox for 3 hours, then washed and placed back in fresh maintenance 

medium. The analysis was performed four days after treatment. (A) Viable cells 

were labeled with Calcein-AM/DRAQ7 as described in Methods and Materials. 

The percentages of dead cells (ratio of DRAQ7 positive and Calcein negative cells 

on the total number of cells) are shown in the bar graphs representing means of 

four independent experiments ± SEM. (B) Representative bright-field microscopy 

images of SA β-gal staining in iCMs and in 0.2 µM Dox-treated cells. The 

percentages of SA β-gal-positive cells are shown in the bar graphs representing 

the mean of four independent experiments ± SEM. (C) EdU incorporation in iCM 

and Dox-treated cells. Cells were stained for cTnT followed by counterstaining 

with DAPI. Quantitative analysis of double-positive cells for EdU and cTnT is 

shown in the bar graphs representing four independent experiments ± SEM. * P 

< 0.05, ** P < 0.01 vs. iCMs. # P < 0.05 vs. 0.2 µM Dox.  

Figure 2: Induction of senescence markers in SenCMs. (A) Representative 

images of immunostaining of iCMs with γ-H2AX antibody followed by 

counterstaining with DAPI 4 days after 0.2 µM Dox treatment. The number of γ-

H2AX-positive foci per cell was calculated. Data are means of four independent 

experiments ± SEM. (B) p21 mRNA relative copy number in SenCMs 1, 2 and 4 

days after Dox treatment, referenced to iCMs. Data are means of four 

independent experiments ± SEM. (C) Western blot showing p21 expression levels 

4 days after treatment. Quantitative data of five independent experiments ± SEM 

(densitometric values for the protein of interest normalized for histone H3). (D) 

p16 mRNA relative copy number in SenCMs 1, 2 and 4 days after treatment, 

referenced to control iCMs. Data are means of four independent experiments ± 

SEM. (E) Western blot showing p16 expression levels 1 day after treatment. 
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Quantitative data of three independent experiments ± SEM (densitometric values 

for the protein of interest normalized for GAPDH). (F) SASP-associated genes 

mRNA relative copy number in SenCMs 4 days after treatment, referenced to 

iCMs. Data are means of three independent experiments ± SEM. (G) ANP and 

BNP mRNA relative copy number in SenCMs 4 days after Dox treatment, 

referenced to iCMs. Data are means of four independent experiments ± SEM. * P 

< 0.05, ** P < 0.01 vs. iCMs.  

Figure 3: Induction of mitochondrial damage in SenCMs. (A) 4 days after Dox 

treatment cells were incubated with DHE for intracellular H2O2 detection as 

described in Methods and Materials. Data shown in the bar graph are means of 

six independent experiments ± SEM. (B) Cells were incubated with the potential-

sensitive dye JC-10 and mitochondrial membrane potential (ΔΨm) was quantified 

2- and 4-days post treatment. The graph represents the means of 3 and 5 

independent experiments respectively ± SEM. (C) Cells were lysed 4 days after 

treatment and intracellular ATP and AMP levels were measured as described in 

Methods and Materials. Data are means of four independent experiments ± SEM. 

(D) AMPKα1 and AMPKα2 mRNA relative copy numbers in SenCMs 4-days post 

treatment, referenced to control iCMs. Data are means of three independent 

experiments ± SEM. (E) pThr172 AMPK:AMPKtot protein expression levels. 

Quantitative data of three independent experiments ± SEM (densitometric values 

for the proteins of interest normalized for GAPDH). * P < 0.05, ** P < 0.01 vs. 

iCMs.  

Figure 4: Alterations in electrical activity and intracellular Ca2+ handling 

SenCMs. (A) The electrical activity of spontaneously beating clusters of CMs was 

recorded using MEA for 7 consecutive days after Dox treatment. Data are means 

of five independent experiments ± SEM. QTcB: QT-interval corrected by Bazett’s 

formula. Representative examples of field potentials in iCMs and SenCMs at day 

1 and 7 are shown. (B) E-4031 (3µM)-sensitive currents (IKr) activated according 

to the protocol shown on top and relative I/V relationships in iCMs (N = 21) and 

SenCMs (N = 26) 5-7 days after treatment. (C) HERG (KCNH2) protein expression 
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levels in iCMs and SenCMs 5 days after treatment. Quantitative data of four 

independent experiments ± SEM (densitometric values for the protein of interest 

normalized for histone H3). (D) HERG (KCNH2) protein expression levels in 

human patient-derived atrial explants (densitometric values for the proteins of 

interest normalized for histone H3). The linear correlation (black line) and 

confidence intervals (dotted lines) are shown. (E) TTX (2 µM)-sensitive current 

(ITTX) activated during slow voltage ramps (28 mV/sec) from a holding potential of 

-100 mV. Mean I/V relationships for iCMs (N = 13) and SenCMs (N = 13) 5-7 days 

after treatment are shown. Statistics of ITTX at 0 mV, representative of INaL, are 

reported on the right. (F) pThr286 CAMKII:CAMKII protein expression levels in 

SenCMs 4 days after treatment in comparison to iCMs. Quantitative data are four 

independent experiments ± SEM (densitometric values for the proteins of interest 

normalized for GAPDH). (G) Simultaneously recorded membrane currents and 

Ca2+ transients (CaT) according to the voltage clamp protocol shown on top in 

Fluo4-loaded iCMs. Statistics of CaL influx, CaT amplitude and caffeine-induced 

CaT amplitude (estimating CaSR) in iCMs (N = 22) and SenCMs (N = 14) 5-7 days 

after Dox treatment. * P < 0.05, ** P < 0.01 vs. iCMs.  

Figure 5:  CPC-Exo prevented Dox-induced changes in SenCMs. SenCMs 

were treated with CPC-Exo (2×103 Exo/cell) 24 hours after Dox treatment. (A) 

Intracellular ROS (H2O2) changes (DHE fluorescence) were detected 4 days after 

Dox treatment. Data are means of >4 independent experiments ± SEM. (B) 

Mitochondrial membrane potential (ΔΨm) changes (JC-10 fluorescence) 

analysed 2- and 4-days post treatment. Data are means of >3 independent 

experiments ± SEM. (C) Intracellular ATP:AMP ratio measured 4 days after Dox 

treatment. Data are means of >3 independent experiments ± SEM. (D) pThr172 

AMPK:AMPK protein expression levels 4 days post Dox treatment. Data are 

means of 3 independent experiments ± SEM. Data reported in panels A-D w/o 

CPC-Exo are those shown in Figure 3A-D. (E) p21 expression levels 4 days after 

Dox treatment. Quantitative data of >3 independent experiments ± SEM 

(densitometric values for the protein of interest normalized for histone H3). Data 
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w/o CPC-Exo reported here are those shown in Figure 2C. (F) Percentage of SA 

β-gal positive cells 4 days post treatment. Data are means of >3 independent 

experiments ± SEM. Data w/o CPC-Exo reported here are those shown in Figure 

1B. (G) TTX (2 µM)-sensitive current (ITTX) I/V relationships 5-7 days after 

treatments and statistics of ITTX at 0 mV, representative of INaL, are shown (N = 13 

for each group). Data w/o CPC-Exo reported here are those shown in Figure 4E. 

(H) pThr286 CAMKII:CAMKII protein expression levels. Quantitative data are four 

independent experiments ± SEM (densitometric values for the proteins of interest 

normalized for GAPDH). Data w/o CPC-Exo reported here are those shown in 

Figure 4F. (I) Electrical activity of spontaneously beating clusters of iCMs 

recorded using MEA for 7 consecutive days. Data are means of five independent 

experiments ± SEM. QTcB: QT-interval corrected by Bazett’s formula. Data w/o 

CPC-Exo reported here are those shown in Figure 4A. * P < 0.05, ** P < 0.01 vs. 

iCMs. # P < 0.05 vs. SenCMs.   
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6.7  Figures  
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6.8  Supplementary Figures and Tables legends 

Supplementary Figure 1: (A) To obtain SenCMs, iCMs were incubated with 0.2 

µM Dox for 3 hours, then washed and placed back in fresh maintenance medium.  

After 24 hours, part of the SenCMs were exposed to CPC-derived Exo (2×103 

Exo/cell). Cells were characterized in the week following treatments. (B) 

Immunostaining of iCMs derived from CPCs for α-S-Actin (red) and cTnT (green) 

followed by nuclear staining with DAPI (blue). Myofibrillar striations are visible. (C) 

Characterization of extracellular vescicels (EVs) derived from conditioned media 

of CPCs using Nanoparticle tracking analysis. Mean size of EVs is 160 ± 2.0 nm, 

corresponding to Exo. (D) EdU incorporation following Dox and Dox+Exo 

treatments. Quantitative analysis of double positive cells for EdU and cTnT are 

shown in the bar graph representing means of four independent experiments ± 

SEM.  (E) 4 days after treatment, viable cells were labeled with Calcein AM as 

described in the Methods and Materials section. The total numbers of Calcein-

positive cells as a percentage of control are shown in the bar graphs. Data are >3 

independent experiments ± SEM. (F) Number of γ-H2AX-positive foci per cell. 

Data are means of four independent experiments ± SEM. (G) IKr I/V relationships 

of iCMs (N = 21), SenCMs (N = 26), and SenCMs+Exo (N = 28) 5-7 days after 

treatment. (H) HERG (KCNH2) protein expression levels. Quantitative data of four 

independent experiments ± SEM (densitometric values for the proteins of interest 

normalized for GAPDH). (I) The electrical activity of spontaneously beating 

clusters of CMs was recorded using MEA for 7 consecutive days after Dox 

treatment, and the RR interval was measured. Data are means of five independent 

experiments ± SEM. * P < 0.05, ** P < 0.01 vs. iCMs. 

Supplementary Table 1: Real Time PCR primer sequences.   
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6.9  Supplementary Figures and Tables 
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Gene Forward (5’-3’) Reverse (5’-3’) 

   

AMPKα1 ACAGCCGAGAAGCAGAAACA TTGCCAACCTTCACTTTGCC 

AMPKα2 TTGACAGGCCATAAAGTGGCA TCGAACAATTCACCTCCAGACA 

ANP CCATATTGGAGCAAATCCCGT TGGTCTAGCAGGTTCTTGAAAT 

BNP GATGGCACATAGTTCAAGCTG TAAAACAACCTCAGCCCGTCA 

GDF15 AGGTGAGAACCTTCTGGGGTT CCTGGGAGTCTGTGCTTTTGG 

IL-1α CTTCTGGGAAACTCACGGCA AGCACACCCAGTAGTCTTGC 

IL-8 TCTGGACCCCAAGGAAAACTG TCACTGGCATCTTCACTGATTCTT 

MCP1 CCTTCATTCCCCAAGGGCTC CTTCTTTGGGACACTTGCTGC 

MMP3 TGAAATTGGCCACTCCCTGG GGAACCGAGTCAGGTCTGTG 

P16 CTTCGGCTGACTGGCTGG TCATCATGACCTGGATCGGC 

P21 CACTTCCTCTGCTCTGCTGC GCTGGTCTGCCTCCGTTTT 

Serpin1 TTGCAGGATGGAACTACGGG GTGGCAGGCAGTACAAGAGT 

Sirt1 TGACCTCCTCATTGTTATTGGG TTCATGGGGTATGGAACTTGG 

TGFβ2 CATCTACAACAGCACCAGGGA CAACTGGGCAGACAGTTTCGG 

Supplementary Table 1 
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7.1  Abstract  

Combined treatment with anthracyclines (e.g., doxorubicin; Dox) and 

trastuzumab (Trz), a humanized anti-human epidermal growth factor receptor 2 

(HER2; ErbB2) antibody, in patients with HER2-positive cancer is limited by 

cardiotoxicity, as manifested by contractile dysfunction and arrhythmia. The 

respective roles of the two agents in the cardiotoxicity of the combined therapy 

are incompletely understood. 

To assess cardiac performance, T-tubule organization, electrophysiological 

changes and intracellular Ca2+ handling in cardiac myocytes using an in vivo rat 

model of Dox/Trz-related cardiotoxicity. Adult rats received 6 doses of either Dox 

or Trz, or the two agents sequentially. Dox-mediated left ventricular (LV) 

dysfunction was aggravated by Trz administration. Dox treatment, but not Trz, 

induced T-tubule disarray. Moreover, Dox, but not Trz monotherapy, induced 

prolonged action potential duration (APD), increased incidence of delayed 

afterdepolarizations (DADs) and beat-to-beat variability of repolarization (BVR), 

and slower Ca2+ transient decay. Although APD, DADs, BVR and Ca2+ transient 

decay recovered over time after the cessation of Dox treatment, subsequent Trz 

administration exacerbated these abnormalities. Trz, but not Dox, reduced Ca2+ 

transient amplitude and SR Ca2+ content. Both agents increased Ca2+ waves and 

downregulated SERCA. Finally, Dox increased resting Ca2+ waves, Ca2+ spark 

frequency, spark-mediated sarcoplasmic reticulum (SR) leak, and long-lasting 

Ca2+ release events (so-called Ca2+ ‘embers’).  

These results suggest that Dox, but not Trz, may cause T-tubule disarray in 

cardiac myocytes in vivo while also inducing overall larger changes in electrical 

parameters and intracellular Ca2+ handling. While Dox-induced changes in 

electrical parameters are reversible, subsequent Trz administration prevents their 

recovery. These findings illustrate the specific roles of Dox and Trz, and their 

interactions in cardiotoxicity and arrhythmogenicity. 
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7.2  Introduction 

Anthracyclines (e.g., doxorubicin; Dox) are among the most efficient and 

frequently used chemotherapeutic agents, being prescribed to more than 40% of 

women with breast cancer [Giordano, Lin, Kuo, Hortobagyi, & Goodwin, 2012]. 

Following anthracyclines and cyclophosphamide treatment, the human epidermal 

growth factor receptor 2 (HER2; ErbB2)/neu inhibitor trastuzumab (Trz), in 

combination with paclitaxel, improves outcomes in women with surgically 

removed HER2-positive breast cancer [Romond et al., 2005]. However, both 

anthracyclines-related cardiotoxicity, including chronic congestive heart failure 

and Trz-related cardiotoxicity [Mor-Avi et al., 2011; Sawaya et al., 2012; 

Thavendiranathan et al., 2013], limit the clinical use of these agents. Because the 

simultaneous delivery of the two drugs results in enhanced cardiotoxicity, 

currently used clinical protocols involve their sequential administration. However, 

Dox/Trz combined therapy is still associated with a risk of LV dysfunction in up to 

one-quarter of breast cancer patients [Advani, Ballman, Dockter, Colon-Otero, & 

Perez, 2016; Ewer & Ewer, 2015; Ghigo, Li, & Hirsch, 2016; Rayson et al., 2008; 

Saeed, Premecz, Goyal, Singal, & Jassal, 2014], along with an increased risk of 

arrhythmia [Muraru et al., 2014; Santoro et al., 2017]. In this regard, acute 

arrhythmogenicity of Dox administration has been reported [Steinberg, Cohen, 

Wasserman, Cohen, & Ross, 1987]. In a recent study from the Mayo Clinic, 

episodes of nonsustained VT (Ventricular Tachicardia), AF (Atrial Fibrillation), and 

sustained VT or ventricular fibrillation were seen in 73.9%, 56.6%, and 30.4% of 

patients with anthracycline-related cardiomyopathy who had implantable 

cardioverter defibrillators [Mazur et al., 2017]. Rare cases of malignant ventricular 

arrhythmias associated with Trz treatment have also been reported [Piotrowski et 

al., 2012]. However, electrophysiological changes induced by Dox/Trz combined 

therapy are poorly characterized. 

The underlying mechanisms of anthracyclines-induced cardiotoxicity are 

incompletely understood but increased oxidative stress, abnormal intracellular 

Ca2+ homeostasis and mitochondrial energetics, degradation of ultrastructural 
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proteins, direct DNA damage via inhibition of topoisomerase 2β, and inhibition of 

pro-survival pathways such as neuregulin 1 (NRG) and ErbB [Cappetta, De 

Angelis, et al., 2017; Cardinale et al., 2010; Dubey et al., 2016] may be involved. 

In this regard, ErbB2 overexpression protected against Dox-related cardiotoxicity 

[Belmonte et al., 2015], whereas Trz-mediated inhibition of ErbB2 signaling 

interfered with the protective effects of ErbB2 and NRG, potentiating Dox-related 

toxicity in rat ventricular cardiac myocytes (CMs) [Rochette et al., 2015; Sawyer, 

Zuppinger, Miller, Eppenberger, & Suter, 2002]. 

The respective roles of Dox and Trz in cardiotoxicity induced by their combined 

administration remain to be fully elucidated. Here, we investigated these roles in 

T-tubule disarray, electrophysiological alterations and changes in intracellular 

Ca2+ handling using an in vivo rat model that mimics currently applied clinical 

regimens, specifically with respect to the sequential delivery of the two agents. 

Electrical measurements were performed at a single cell level. Dox treatment 

induced severe T-tubule disarray, significant electrical abnormalities, and limited 

changes in Ca2+ handling. Although Trz monotherapy induced comparatively 

modest changes, administration of this agent following Dox pre-treatment 

exacerbated the abnormalities observed after the initial Dox treatment. These 

results suggest that CMs pre-stressed by Dox may become susceptible to Trz-

mediated toxicity, including electrical instability. 
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7.3  Results 

7.3.1 Trz treatment aggravates Dox-induced LV dysfunction 

Echocardiographic results are shown in Fig 1b. Compared to Ctrl, Dox-treated 

animals showed increases in LVESV from d 19 to d 37, and in LVEDV at d 19, d 

30 and d 37, along with decreases in LVEF and LVFS at all time points. In the 

absence of Dox pre-treatment, Trz-treated animals showed an increase in LVESV 

at d30 (i.e., one day after administration of the last Trz dose), and non-significant 

trends toward decreases in LVEF and LVFS using one-way ANOVA for multiple 

groups (however, such trends resulted statistically significant vs. Ctrl using a two-

group analysis; Suppl Fig S1). These changes were reversible over time. Animals 

receiving Dox/Trz combined therapy showed increases in LVESV and LVEDV, 

along with decreases in LVEF and LVFS which were significantly greater than 

those induced by Dox monotherapy, indicating additive effects by the two agents. 

Heart rate, body weight, tibia length, and heart weight did not significantly differ 

among groups (Suppl Table S1). 

7.3.2 Trz treatment enhances Dox-induced ROS generation by CMs 

ROS levels in LV CMs increased with a clear trend in the Dox/Trz group, and to a 

lesser extent in the Dox group at d19 (the time point of the first Trz administration 

in the Dox/Trz group), but not at d37 (Suppl Fig S2), demonstrating a decrease 

in ROS levels over time. In the absence of Dox pre-treatment, however, ROS 

levels were only marginally affected by Trz. 

7.3.3 Dox treatment, but not Trz, induces TT disarray 

Representative confocal region of interest (ROI) of 3-di-ANEPPDHQ–treated CMs 

in the different groups are shown in Fig 2a. Disruption of TT architecture in the 

Dox and Dox/Trz groups, but not in the Trz group, can be appreciated visually. 

Representative spatial Fast Fourier Transform analyses of TT-power in LV and RV 
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CMs are shown in Fig 2b. Quantitative analysis confirmed that Dox, but not Trz, 

treatment induces TT disarray (Fig 2c). 

7.3.4 Trz treatment enhances Dox-induced APD prolongation and DADs 

AP recordings in isolated CMs from either ventricle showed increases in both 

APD50 and APD90 in the Dox group at d19, but not at d37 (Fig 3a,b), indicating 

reversible effects. LV CMs and RV CMs were analyzed separately because 

electrical measurements are influenced by ventricular loading conditions. In the 

absence of Dox pre-treatment, Trz did not affect APD, whereas it significantly 

prolonged it while also decreasing AP amplitude and dV/dtmax in RV CMs in Dox 

pre-treated rats (Suppl Table S2). Depolarizing events during diastole and 

systole were recorded as DADs and early afterdepolarizations (EADs), 

respectively. The percentage of cells exhibiting DADs at 1Hz-stimulation was 

increased in Dox-treated animals at d19, but not at d37. In analogy to its effect on 

APD, Trz increased the frequency of DADs selectively in rats pre-treated with Dox 

(Fig 3c,d). Similar changes were found for beat-to-beat variability of 

repolarization (BVR), which reflects APD90 time-variability (i.e., electrical 

instability) and represents a pro-arrhythmic parameter (Johnson et al., 2010). The 

dispersion of APD90 values around the identity line in Poincaré plots was 

increased in the Dox group at d19 and in the Dox/Trz group, but not in the Dox 

group at d37 neither in Trz monotherapy (Fig 4a). Quantitative STV data are 

shown in Fig 4b. The slope of the linear correlation between BVR and APD90 was 

comparable in all groups (Suppl Fig S3), indicating that increases in BVR were 

strictly dependent on APD prolongation. These results indicate pro-arrhythmic 

conditions in both the Dox and Dox/Trz groups. 

7.3.5 Effects of Dox and Trz on intracellular Ca2+ handling 

In principle, TT disarray and changes in APD, DADs, and BVR can impact 

intracellular Ca2+ handling. We analyzed evocated Ca2+ transients (CaT) at 1, 2 

and 4 Hz in field-stimulation, as well as caffeine-induced CaT which reflect SR 
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Ca2+ content (CaSR; Suppl Fig S4). Trz treatment resulted in significant 

decreases in CaT amplitude and CaSR in LV CMs, and to a slightly lesser extent 

in RV CMs, with only marginal changes observed in the Dox and Dox/Trz groups 

(Fig 5a). These results suggest that Trz may limit Ca2+ influx (Kitani et al., 2019). 

Studies of the CaT decay kinetics showed a lower decay half-time (T0.5) in Ctrl LV 

CMs compared to Ctrl RV CMs, in line with previous data showing a faster SR 

Ca2+ sequestration in LV CMs compared to RV CMs (Sathish, Xu, Karmazyn, 

Sims, & Narayanan, 2006). CaT decay in both Dox and Dox/Trz groups of LV 

CMS, but not in the Trz group, was slower than in Ctrl (Fig 5b), suggesting Dox-

induced changes in Ca2+ removal. SERCA protein levels were significantly 

decreased in LV CMs in both Dox and Dox/Trz groups, with clear trends toward 

SERCA downregulation also observed in both LV and RV Trz CMs (Fig 5c). The 

percentage of LV CMs exhibiting Ca2+ waves was increased in all treated groups, 

with a similar increase in RV CMs from Dox d37 rats. The frequency of resting 

CaT in LV CMs was increased in both Dox and Dox/Trz groups (Fig 5d). These 

findings are in good agreement with our results on DAD frequency (Fig 3c,d). 

They indicate limited effects of Dox and Trz on Ca2+ handling, as evidenced by 

steady-state CaT amplitude and SR Ca2+ content measurements.  

7.3.6 Dox, but not Trz, induces Ca2+ sparks 

The effects of Dox on Ca2+ waves and resting CaT led us to investigate SR stability 

by quantifying spontaneous SR Ca2+ release events visualized as Ca2+ sparks. 

Representative images of Ca2+ sparks in the different groups are shown in Fig 6a. 

Increased frequencies of Ca2+ sparks were readily apparent in the Dox and 

Dox/Trz group, whereas Trz alone did not significantly impact this parameter. 

Spark mass was increased in LV CMs from Trz-treated animals, with similar 

trends in Dox-treated ones (Llach et al., 2019), but not in the Dox/Trz group. Dox, 

and to a lesser extent Trz, induced an increased spark-mediated SR Ca2+ leak 

quantified by the spark mass*spark frequency index (Fig 6b). Dox, but not Trz, 

increased the number of so-called Ca2+ ‘embers’, defined as Ca2+ sparks with 
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FDHM>20 ms (the peak value of FDHM distribution [Louch et al., 2013]; Fig 6c 

and S5). The full duration at half maximum (FDHM) and the decay time constant 

(taudecay), two markers of altered RyR openings, were increased in Dox-treated 

animals (Suppl Table S3). These results suggest that Dox, but not Trz, may affect 

spontaneous Ca2+ release events favoring SR Ca2+ leak. 
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7.4  Discussion 

Cardiotoxicity limits the application of anthracycline-based chemotherapy and 

anti-HER2 therapy combined regimens. Here, we investigated selected aspects 

of this condition including TT organization, electrophysiological changes, and 

intracellular Ca2+ handling using an in vivo rat model that mimics clinically used 

combined regimens. Dox treatment induced LV dysfunction lasting for more than 

37 days. Trz monotherapy likewise impaired contractile function, albeit less 

severely than Dox, and for a shorter period of time. The sequential administration 

of the two agents impaired LV function to a greater extent than did either agent 

alone, demonstrating additive effects. These changes were paralleled by changes 

in ROS levels in CMs. These results are in line with previous data in Erb2-mutated 

mice [Ozcelik et al., 2002] and in human induced pluripotent stem cell (hiPSC)-

derived CMs suggesting that pre-existing cellular stress induced by Dox may 

exacerbate Trz-related cardiotoxicity by inhibiting protective pathways, e.g., 

Erb2/4 [Hsu, Huang, Yen, Cheng, & Hsieh, 2018; Kurokawa, Shang, Yin, & 

George, 2018; Tocchetti et al., 2012]. Moreover, lapatinib, another HER2 inhibitor, 

potentiated Dox-related cardiotoxicity via iNOS signaling [Hsu et al., 2018]. 

Dox treatment, but not Trz, induced sustained TT disarray that accounted for, at 

least in part, LV dysfunction in this group. An association between TT disarray 

and heart failure of various etiologies including dilated cardiomyopathy has been 

reported previously in both human patients and animal models [Bryant et al., 

2014; Caldwell et al., 2014; Crocini et al., 2014; Crossman et al., 2015; He et al., 

2001; Heinzel et al., 2008; Ibrahim et al., 2010; Louch et al., 2006; Sachse et al., 

2012; Shah et al., 2014; Song et al., 2006; Wagner et al., 2012]. Time course 

studies revealed that TT disruption preceded the development of heart failure, 

suggesting a causative role for the former in disease progression [Shah et al., 

2014; Wei et al., 2010]. In addition, altered TT structure has been shown to impair 

AP propagation [Crocini, Ferrantini, Coppini, & Sacconi, 2017; Ferrantini et al., 

2013; Manfra, Frisk, & Louch, 2017]. In the present study, Dox treatment resulted 

in APD prolongation in CMs. These results are in line with previous data on Dox-
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induced QT-interval prolongation in guinea pigs and reduced IKs component in 

stably transfected HEK293 cells [Ducroq et al., 2010]. Another study reported 

increased INaL leading to changes in Ca2+ and Na+ handling in a model of Dox-

induced LV diastolic dysfunction [Cappetta, Esposito, et al., 2017]. In our model, 

Dox-mediated APD prolongation was associated with increases in the frequency 

of DADs as a reflection of spontaneously released Ca2+ being extruded by 

sodium-calcium exchanger (NCX), as well as in BVR as an index of 

arrhythmogenicity. Trz treatment did not significantly impact APD, DADs, and 

BVR in the absence of Dox pre-treatment. In pre-treated rats, however, it induced 

changes in these parameters similar to those induced by Dox itself. Of note, these 

Trz-induced changes in pre-treated rats were observed after a full recovery in 

these electrical parameters following Dox treatment, suggesting that the latter 

exacerbated subsequent Trz toxicity. Clinical evidence of arrhythmia in Trz-

treated patients has been reported [Piotrowski et al., 2012]. 

Our analysis of intracellular Ca2+ handling revealed that Dox treatment increased 

both the amplitude of Ca2+ transients and SR Ca2+ content in RV CMs, but not in 

LV CMs. Chamber-specificity in Ca2+ handling was also observed in controls CMs 

by analysis of CaT decay kinetics, in line with previous data on SR uptake function 

[Molina, Heijman, & Dobrev, 2016]. Unlike Dox, Trz treatment resulted in a 

decrease in both the amplitude of Ca2+ transients and SR Ca2+ content in LV CMs. 

These findings are in good agreement with previous data using sorafenib, a 

distinct tyrosine kinase inhibitor that reduced Ca2+ transient amplitude and SR 

Ca2+ content in human atrial CMs and in mouse ventricular CMs, inducing a 

reversible negative inotropic effect [Schneider et al., 2018]. Moreover, Ca2+ 

transient decay was slower after Dox/Trz combined therapy, and to a lesser extent 

after Dox monotherapy but not after Trz monotherapy compared to controls. 

During cell relaxation, released Ca2+ is recycled into the SR by the action of 

SERCA and extruded from the cell by NCX membrane protein. Both Dox alone 

and Dox/Trz combined therapy significantly reduced SERCA protein levels in LV 

CMs, with a non-significant trend in the same direction for Trz monotherapy. In 

our study, although SERCA protein level was downregulated in all LV groups, 
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Ca2+ handling was preserved at all pacing rates in all groups except Trz, probably 

as a consequence of concurrent APD prolongation [Ronchi, Badone, Bernardi, & 

Zaza, 2018]. Therefore, Dox and further Dox/Trz depressed systolic function in 

terms of LVFS was not supported by relevant Ca2+ handling derangement in 

isolated LV CMs, suggesting the contribution of other mechanisms to justify the 

in vivo cardiac disorder. Dox treatment also induced increases in spontaneous 

Ca2+ waves and Ca2+ sparks which reflect SR instability. Previous studies have 

shown that low density of poorly organized TT favors de-synchronized and 

protracted Ca2+ release in failing CMs [Louch et al., 2004; Louch et al., 2006; Lyon 

et al., 2009; Song et al., 2006], which has been linked to the slowed and 

decreased amplitude of contraction typical of the failing heart [Bokenes et al., 

2008; Mork, Sjaastad, Sejersted, & Louch, 2009]. Ca2+ spark mass, which reflects 

the amount of Ca2+ released within an individual spark, was increased by Trz in 

LV CMs, with a trend in the same direction for Dox. Previous data in isolated CMs 

suggest that ROS-dependent activation of CAMKII pathway may result in CaMKII-

dependent SR Ca2+ leak contributing to Dox-mediated impairment of Ca2+ 

handling [Sag, Kohler, Anderson, Backs, & Maier, 2011]. Accordingly, in the 

present study, Dox induced an increase in prolonged spontaneous Ca2+ events 

(so-called Ca2+ ‘embers’) previously described in congestive heart failure [Louch 

et al., 2013], but not in chemotherapy-related cardiotoxicity. Ca2+ ‘embers’ likely 

contributed to spontaneous SR Ca2+ leak, which was increased in all treated 

groups. 

In conclusion, our data using an in vivo rat model of chemotherapy-related 

cardiotoxicity show that Dox treatment induces oxidative stress, LV dysfunction, 

TT disarray, electrical changes, and modest changes in intracellular Ca2+ 

handling. Trz treatment alone induces a lesser degree of LV dysfunction, no TT 

disarray, no significant electrical changes, while affected intracellular Ca2+ 

handling. However, Dox pre-treatment exacerbates Trz-related cardiotoxicity. 

These results highlight different yet interrelated effects by the two agents in 

Dox/Trz-related cardiotoxicity, including arrhythmogenicity.  
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7.5  Methods 

7.5.1 Animal experiments 

The animal protocol was approved by the Committee on the Ethics of Animal 

Experiments of the Canton Ticino, Switzerland (TI32/18). The study was carried 

out in strict accordance with the recommendations in the Guide for the Care and 

Use of Laboratory Animals of the Directive 2010/63/EU. The study protocol is 

depicted schematically in Fig 1a. Sprague Dawley female rats (10-12 weeks old; 

from Charles River Laboratories) were subdivided into 4 groups. In the Dox group, 

rats were injected IP with 6 doses of Dox hydrochloride (Sigma-Aldrich), one dose 

each other day (from d1 to d11), for a cumulative dosage of 20 mg/kg, followed 

by 6 doses of phosphate-buffered saline (PBS; pH 7.4), one dose each other day 

(from d19 to d29), as described (Milano et al., 2020). In the Trz group, rats 

received 6 doses of PBS (from d1 to d11) followed by 6 doses of Trz (Roche), 

one dose each other day (from d19 to d29), for a cumulative dosage of 20 mg/kg. 

In the combined Dox/Trz group, rats received 6 doses of Dox hydrochloride (from 

d1 to d11) followed by 6 doses of Trz (from d19 to d29). Control rats received 12 

doses of PBS at the time points corresponding to drug administration in treated 

groups (from d1 to d11, and from d19 to d19). Notably, Trz monotherapy was 

started at d19 of the study protocol to match the time point of Trz administration 

in the combined therapy group. However, Trz-mediated changes in LV function 

at later points were measured in a separate series of experiments. 

7.5.2 Echocardiography 

Heart function was monitored by echocardiography using a VEVO 2100 high-

resolution imaging system (VisualSonics) at d0, d12, d19, d30, and d37, as 

described. Anesthesia was induced using 2% isoflurane mixed with 100% oxygen 

in an induction chamber. Rats were then placed on a heat pad in the supine 

position and kept at 37°C to minimize fluctuations of body temperature. Data 

acquisition was performed in rats lightly anesthetized with 0.5% to 1% isoflurane 
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in order to maintain HR ≥350 bpm. Two-dimensional short-axis M-mode 

echocardiography was performed and LV end-systolic (LVESV) and end-diastolic 

(LVEDV) volumes, ejection fraction (LVEF) and fractional shortening (LVFS) were 

determined, as previously described (Barile et al., 2018). 

7.5.3 CM isolation 

Isolated CMs from in vivo treated rats were analyzed at d19 (early Dox time point), 

and at d37 (late Dox time point, early Trz time point, combined Dox/Trz treatment). 

For CM isolation, rats were anesthetized using a cocktail of ketamine (100 mg/kg) 

and xylazine (75 mg/kg) and humanly euthanized by cervical dislocation. Hearts 

were harvested and perfused ex vivo in a Langendorff mode, as previously 

described (Rocchetti et al., 2014). CMs were isolated separately from LV and RV 

free walls. Rod-shaped, Ca2+ tolerant CMs were used for patch-clamp 

measurements and confocal microscopy less than 12 hrs after tissue dissociation. 

7.5.4 Reactive oxygen species (ROS) 

To assess oxidative stress, CMs were stained with 2′-7′-

Dichlorodihydrofluorescein diacetate (2 µM H2-DCF) in the following solution (in 

mM): 40 KCl, 3 MgCl2, 70 KOH, 20 KH2PO4, 0.5 EGTA, 50 L-Glutamic acid, 20 

Taurine, 10 HEPES, 10 D-glucose (pH 7.4) for 30 min. Dead CMs were detected 

after incubation with 7-Aminoactinomycin D (7-AAD) for 10 min. Fluorescence 

intensity was measured using Cytoflex flow cytometer (Beckman Coulter; λ 

excitation = 488nm / λ emission = 525 nm for DCF and λ excitation = 488nm / λ 

emission = 647nm for 7-AAD). Data were analyzed with Kaluza software 

(Beckman Coulter) and shown as the geometric mean of fluorescence intensity 

in the 7-AAD-negative subpopulation. 

7.5.5 T-tubule analysis  

To investigate the impact of each treatment on the organization of T-tubules (TT), 

sarcolemmal membranes were marked by incubating CMs with 20 µM 3-di-
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ANEPPDHQ (Life Technologies, Carlsbad) and TT oriented transversely along z-

lines were visualized (Rocchetti et al., 2014). 3-di-ANEPPDHQ was dissolved in 

the following solution (in mM): 40 KCl, 3 MgCl2, 70 KOH, 20 KH2PO4, 0.5 EGTA, 

50 L-Glutamic acid, 20 Taurine, 10 HEPES, 10 D-glucose (pH 7.4) for 10 min at 

RT (Sacconi et al., 2012). Cell contraction was prevented by adding blebbistatin 

(17 µM; Sigma). CMs were washed with the same solution before confocal 

microscopy analysis. Images of loaded CMs were acquired by laser-scanning 

microscopy (images: 1024 X 10124 pixels, 78µm x 78µm) using a confocal 

microscope (Nikon C2 plus) with a 40x oil-immersion objective. Eight-bit gray-

scaled images were analyzed by spatial Fast Fourier Transform analysis to 

quantify periodic components of pixel variance. To compensate for staining 

differences among cells, a raw power spectrum was generated with ImageJ 

(v.1.4) and normalized to its central peak. TT density was quantified by 

normalizing the area under the harmonic relative to the spatial frequency of 0.5 

µm-1 (between 0.3 and 0.7 µm-1) to the area of the entire spectrum (Rocchetti et 

al., 2014). TT power was calculated as the periodic transverse component of TT 

organization. T-index was calculated as TT power ratio between the area under 

the periodic (0.5 µm-1) component and the area of the entire spectrum. 

7.5.6 Electrical activity 

Action potentials (AP) were recorded by pacing CMs at 1Hz in current-clamp 

conditions. AP duration measured at 90% and 50% of the repolarization phase 

(APD90 and APD50, respectively), diastolic potential (Ediast) and maximal AP phase 

0 depolarization velocity (dV/dtmax) were determined. Single cells were 

superfused with standard Tyrode’s solution containing (in mM): 154 NaCl, 4 KCl, 

2 CaCl2, 1 MgCl2, 5.5 D-glucose, and 5 HEPES-NaOH (pH 7.35). Experiments 

were carried out in whole-cell configuration; the pipette solution contained (in 

mM): 23 KCl, 110 KAsp, 0.4 CaCl2, 3 MgCl2, 5 HEPES-KOH, 1 EGTA-KOH, 0.4 

NaGTP, 5 Na2ATP, 5 Na2PC, 5.5 D-glucose (pH 7.3). Delayed afterdepolarizations 

(DADs) were defined as diastolic depolarizations with amplitude >1mV. The 
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percentage of cells exhibiting DADs was quantified. Beat-to-beat variability of 

repolarization (BVR) was expressed as the short-term variability (STV) of APD90 

(i.e., the mean orthogonal deviation from the identity line (Altomare et al., 2015; 

Heijman et al., 2013)), calculated as follows: 

STV = ∑(|𝐴𝑃𝐷𝑛+1 − 𝐴𝑃𝐷𝑛|/[𝑛𝑏𝑒𝑎𝑡𝑠 𝑥 √2] 

for 30 consecutive APs (nbeats) at steady-state level. STV data are shown using 

APDn versus APDn+1 (Poincaré) plots. 

7.5.7 Intracellular Ca2+ handling analyses  

CMs were incubated in Tyrode solution for 45 min with the membrane-permeant 

form of the dye, Fluo4-AM (10 µmol/L), and then washed for 30 min to allow for 

the de-esterification process. Fluo4 emission was collected through a 535 nm 

band pass filter, converted to voltage, low-pass filtered (100 Hz) and digitized at 

2 kHz after further low-pass digital filtering (FFT, 50 Hz). Intact CMs were field-

stimulated at 1, 2 and 4 Hz at 37°C during superfusion with standard Tyrode’s 

solution. Ca2+ transient (CaT) amplitude at steady-state and the sarcoplasmic 

reticulum (SR) Ca2+ content (CaSR) estimated by an electronically timed 10 

mmol/L caffeine pulse were evaluated at each cycle length. The diastolic 

fluorescence was used as reference (F0) for signal normalization (F/F0) after 

subtraction of background luminescence. For intergroup comparisons, Ca2+ 

handling parameters measured at each cycle length in a treated group were 

normalized to values measured in Ctrl. Rate-dependency of CaT decay kinetic 

was expressed as half-time decay (T0.5). Frequency of resting Ca2+ waves was 

assessed under resting conditions (for 1 min) before pacing. A Ca2+ wave was 

defined as a Ca2+ oscillation occurring at rest with an amplitude >3 SD over 

resting fluorescence levels (Frest). Comparable results were obtained using 

amplitude cutoffs up to 5 Frest SD. Frequency of spontaneous CaT occurring at 

rest (resting CaT) was assessed as an additional parameter of SR instability and 

Ca2+ overload. 

7.5.8 Ca2+ sparks 
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Spontaneous unitary Ca2+ release events (Ca2+ sparks) were recorded at RT in 

Fluo4-AM (10µM)-loaded CMs under resting conditions. Tyrode bath solution 

contained 2 mM CaCl2. Images were acquired at 60x magnification in line-scan 

mode (xt) at 0.5 kHz by confocal Nikon A1R microscope. Each cell was scanned 

along a longitudinal line and #10 xt frames (512 pxls x 512 pxls) were acquired. 

Background fluorescence was measured. Confocal setting parameters were kept 

constant among experimental groups. Images were analyzed by SparkMaster 

plugin (Fiji) software (Picht, Zima, Blatter, & Bers, 2007). Automatic spark 

detection threshold was 3.8. Only in-focus Ca2+ sparks (amplitude >0.3) were 

included in analyses. The following spark parameters were measured: frequency 

(event number/s/100μm), amplitude (ΔF/F0), full width at half-maximal amplitude 

(FWHM; μm), full duration at half-maximal amplitude (FDHM; ms), full width (FW; 

μm) and full duration (FD; ms), time-to-peak (TtP, ms), and decay time constant 

(τ; ms). Spark mass (ΔF/F0*µm3), an index of Ca2+ spark volume (Hollingworth, 

Peet, Chandler, & Baylor, 2001), was calculated as spark amplitude*1.206* 

FWHM3. Spark-mediated SR Ca2+ leak was calculated as the product of spark 

mass and frequency. 

7.5.9 Western blotting 

Proteins from CM extracts were separated by SDS-polyacrylamide gel 

electrophoresis (4-12% Bis-Tris Criterion BIO-RAD gels), blotted for 1 hr, 

incubated with polyclonal anti-SERCA2 primary antibody (N-19; Santa Cruz 

Biotechnology) at 4°C overnight, followed by incubation with a specific secondary 

antibody labelled with fluorescent markers (Alexa Fluor or IRDye) for 1 hr. Signal 

intensity was quantified by Odyssey Infrared Imaging System (LI-COR). SERCA2 

protein levels were normalized to actin levels, as measured using polyclonal anti-

actin Ab (Sigma). Data are shown as percent changes vs. Ctrl. 

7.5.10 Statistical analysis 
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Results are shown as mean ± SE. Unpaired Student's t-test was used to test for 

significant differences in two-group analyses. One-way ANOVA was used to test 

for significance among multiple groups, with post-hoc comparison analyses using 

Bonferroni’s multiple comparison test. Chi2-test was used for comparison of 

categorical variables. Statistical significance was defined as p < 0.05. 
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7.6  Figure Legends 

Fig 1: Effects of Dox and Trz on LV function. a Schema depicting the 

experimental protocol. Dox and Trz were administered sequentially (from d1 to 

d11, and from d19 to d29, respectively). The timing of Trz administration was the 

same in the Dox/Trz and Trz groups. b Echocardiographic results for LV end-

systolic volume (LVESV), LV end-diastolic volume (LVEDV), LV ejection fraction 

(LVEF), and LV fractional shortening (LVFS) in different groups at varying time 

points. Data are mean ± SEM; *p<0.05 vs Ctrl; # p<0.05 Dox vs Trz; § p<0.05 

Dox/Trz vs Dox (Ctrl, n = 5; Dox, n = 7; Trz, n = 8; Dox/Trz, n = 6). Additional data 

generated at later time points after Trz administration are shown in Suppl. Fig. S1.  

 

Fig 2: Effects of Dox and Trz on T-tubule (TT) organization. a Confocal regions 

of interest (ROI) of a 3-di-ANEPPDHQ–treated LV CM from a Ctrl rat, and 

representative higher-magnification LV CM confocal ROI in all groups. Disruption 

of TT organization in the Dox and Dox/Trz groups, but not in the Trz group, is 

apparent. b Mean TT power spectra in LV and RV CMs in Dox (red), Trz (black) 

and Dox/Trz groups (green) at the indicated time points, superimposed to those 

in the Ctrl group (blue). c) Quantitative analysis of the TT periodic component 

(TT-index) in LV and RV CMs. Data on the Dox group are shown at d19 and at 

d37. Bars are mean ± SEM (n = >15 cells from >3 rats/group; *p<0.05; **p<0.01).  

 

Fig 3: Effects of Dox and Trz on action potential duration (APD). a Electrical 

recordings of stimulated (1 Hz) APs in LV and RV CMs in all groups. 

Measurements were performed at d19 and at d37 (before and after Trz 

administration, respectively). b Quantitative analysis of APD50 and APD90 showing 

increases in the Dox group (at d19) and in the Dox/Trz group (at d37). c Electrical 

recordings showing DAD at 1 Hz-stimulation, as well as EAD and trigger activity 

(TA) at 2 Hz-stimulation in the Dox/Trz group. d Quantitative analysis of cells (%) 

exhibiting DADs at 1 Hz-stimulation. Data were acquired at d19 and at d37 (see 
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above). Bars are mean ± SEM (n = >12 cells from >3 rats/group; *p<0.05; 

**p<0.01).  

 

Fig 4: Effects of Dox and Trz on beat-to-beat variability of repolarization (BVR). a 

Poincaré plots showing the dispersion of APD90 values around the identity line in 

LV and RV CMs in all groups. b Quantitative analysis of short-term variability 

(STV) of APD values. STV was increased in the Dox group at d19 and in the 

Dox/Trz group at d37. Data are shown at d19 and at d37. Bars are mean ± SEM 

(n = >12 from >3 rats/group; *p<0.05).  

 

Fig 5: Effects of Dox and Trz on intracellular Ca2+ handling. a Quantitative 

analysis of Ca2+ transient (CaT) amplitude and SR Ca2+ content (CaSR) estimated 

by a caffeine pulse at different pacing rates (1, 2, and 4 Hz) in field stimulated LV 

and RV CMs. Dox increased both CaT amplitude and CaSR in RV CMs but not in 

LV CMs, whereas Trz reduced them in LV CMs. b rate dependency of CaT decay 

kinetics (CaT decay half time, T0.5) in both RV and LV CMs. LV CaT decay was 

slower in the Dox and Dox/Trz groups, but not in the Trz group, compared to Ctrl. 

c Immunoblots showing SERCA protein levels (n = 2-4 rats/group; data in the Trz 

group and respective Ctrl were analyzed separately). Densitometric analysis. d 

Left panel: Example of Ca2+ wave (arrow) and spontaneous CaT occurring at 

resting. Quantitative analysis of cells (%) exhibiting spontaneous Ca2+ waves and 

resting CaT in both LV and RV CMs. Data on the Dox group are shown at d19 and 

at d37. Bars are mean ± SEM (n >17 cells/group; *p<0.05) 

 

Fig 6: Effects of Dox and Trz on Ca2+ sparks. a Confocal xt-images of FLuo4-

AM loaded LV CMs in all groups. b Quantitative analyses of Ca2+ sparks frequency 

(% of Ctrl), spark mass, and sparks-mediated SR Ca2+ leak (n = 14-24 cells from 

3-5 rats per group). c Quantitative analysis of Ca2+ ‘embers’ (i.e., Ca2+ sparks with 

FDHM>20 ms). Data on the Dox group are shown at d19 and at d37. Bars are 

mean ± SEM (*p<0.05).  
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7.8  Supplementary Figures and Tables legends 

Suppl Fig S1: Supplemental echocardiographic analysis of LV function after Trz 

administration. a Schema depicting the experimental protocol. This analysis was 

performed because the study protocol shown in Fig 1a involved Trz 

administration starting at d19, which implied a shorter follow-up for this group 

compared to the Dox group. b Echocardiographic results for LV end-systolic 

volume (LVESV), LV end-diastolic volume (LVEDV), LV ejection fraction (LVEF), 

and Fractional Shortening (FS). LV and FS functions recover over time after Trz 

administration. Data are mean ± SEM; *p<0.05 vs Ctrl (Ctrl, n = 5; Trz, n = 3).  

 

Suppl Fig S2: ROS generation in CMs. ROS generation in CMs was measured 8 

days after the last dose of drug administration in each treated group. In the Dox 

group, measurements performed at d37, showed reversibility of early changes. 

Data (% increase over Ctrl) are mean ± SEM.  

 

Suppl Fig S3: Correlations between STV of APD and APD values. Plots of STV of 

APD vs APD values at 1 Hz in LV and RV CMs from all groups. The slope values 

of each correlation are reported.  

 

Suppl Fig S4: Ca2+ handling protocol in field-stimulated CMs. Fluo4-loaded intact 

CMs were field-stimulated at 1, 2, and 4 Hz at physiological temperature. SR Ca2+ 

content was assessed at each cycle length by an electronically timed 10 mmol/L 

caffeine pulse.  

 

Suppl Fig S5: Ca2+ spark FDHM distribution. Ca2+ spark full duration at half 

maximum (FDHM) distribution yielded from sparks detected in a Ctrl CM, defining 

the cut-off value of Ca2+ ‘embers’ used in subsequent analyses shown in Fig 6c.  

 

Suppl Table S1: Rat body weight (BW), heart weight (HW), and LV/RV mass ratio. 

Rat body weight (BW), tibia length (TL), heart weight (HW)/BW ratio, HW/TL radio, 
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and LV/RV mass ratio in the different groups. No significant differences among 

groups were observed.  

 

Suppl Table S2: Action potential (AP) parameters Electrophysiological 

parameters yielded from AP recordings in LV and RV treated with Dox, Trz and 

combination of both at different time points. (APD90 and APD50, durations of AP 

measured at 90% and 50% of the repolarization phase; Ediast, diastolic potential; 

dV/dtmax, maximal AP phase 0 upstroke velocity; APA, AP amplitude. Data are 

expressed as mean ± SE; *p<0.05 vs Ctrl, #p<0.05 vs Trz.  

 

Suppl Table S3: Properties of Ca2+ sparks. FWHM: full width at half-maximum 

amplitude; FDHM: full duration at half-maximum amplitude; TtP: time to peak; Tau: 

decay time constant. Data are expressed as mean ± SE; *p<0.05 vs Ctrl.  
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Abstract 

Aims 

Diabetic cardiomyopathy is a multifactorial disease characterized by an early onset 

of diastolic dysfunction (DD) that precedes the development of systolic impairment. 

Mechanisms that can restore cardiac relaxation improving intracellular Ca2+ 

dynamics represent a promising therapeutic approach for cardiovascular diseases 

associated to DD. Istaroxime has the double property to accelerate Ca2+ uptake into 

sarcoplasmic reticulum (SR) through the SR Ca2+ pump (SERCA2a) stimulation and 

to inhibit Na+/K+ ATPase (NKA). The project aims to characterize istaroxime effects 

at a concentration (100 nM) marginally affecting NKA, in order to highlight its effects 

dependent on the stimulation of SERCA2a in a model of mild diabetes. 

Methods and Results 

Streptozotocin (STZ) treated diabetic rats were studied at 9 weeks after STZ injection 

in comparison to controls (CTR). Istaroxime effects were evaluated in vivo and in left 

ventricular (LV) preparations. STZ animals showed 1) marked DD not associated to 

cardiac fibrosis, 2) LV mass reduction associated to reduced LV cell dimension and 

T-tubules loss, 3) reduced LV SERCA2 protein level and activity and 4) slower SR 

Ca2+ uptake rate, 5) LV action potential (AP) prolongation and increased short-term 

variability (STV) of AP duration, 6) increased diastolic Ca2+, 7) unaltered SR Ca2+ 

content and stability in intact cells. Acute istaroxime infusion (0.11 mg/kg/min for 15 

min) reduced DD in STZ rats. Accordingly, in STZ myocytes istaroxime (100 nM) 

stimulated SERCA2a activity and blunted STZ-induced abnormalities in LV Ca2+ 

dynamics. In CTR myocytes, istaroxime increased diastolic Ca2+ level due to NKA 

blockade albeit minimal, while its effects on SERCA2a were almost absent. 

Conclusions 

SERCA2a stimulation by istaroxime improved STZ-induced DD and intracellular 

Ca2+ handling anomalies. Thus, SERCA2a stimulation can be considered a promising 

therapeutic approach for DD treatment.   
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Translational perspective 

Deficient sarcoplasmic reticulum (SR) Ca2+ uptake has been identified in 

cardiomyocytes from failing human hearts with impaired diastolic relaxation (e.g. 

diabetic hearts) and has been associated with a decreased SERCA2a expression and 

activity and/or with a higher SERCA2a inhibition by phospholamban. Thus, 

SERCA2a may represent a pharmacological target for interventions aimed at 

improving cytosolic Ca2+ compartmentalization into the SR to limit diastolic 

dysfunction pathologies. In this contest, istaroxime is the first-in-class luso-inotropic 

agent targeting SERCA2a that has already demonstrated its efficacy in clinical trials 

and may be useful to clarify the relevance of SERCA2a stimulation in controlling 

cytosolic Ca2+ level.  
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1. Introduction  

Diabetes affects globally more than 300 million people and type 1 diabetes (T1D) 

accounts for up to 10% of cases1. Heart failure (HF) is the predominant cardiovascular 

complication of diabetes and represents the leading cause of morbidity and mortality. 

Diabetic cardiomyopathy (DCM) is a complex and multifactorial disease 

characterized by an early onset of diastolic dysfunction (DD), which precedes the 

development of systolic impairment2–5. 

The molecular and pathophysiological mechanisms underlying diabetes include 

abnormalities in the regulation of Ca2+ homeostasis in cardiomyocytes and the 

consequent alteration of ventricular excitation-contraction coupling (ECC). In the 

diabetic heart, a dysregulation of Ca2+ cycling includes a reduction of SERCA2 

activity, which may be accompanied by a decreased SERCA2 protein expression 

(mostly SERCA2a isoform)6,7. A key role in the regulation of SERCA2a activity is 

played by phospholamban (PLN), a protein that behaves like its endogenous inhibitor 

when it is in its non-phosphorylated state8. In most diabetic models, PLN expression 

level appears increased while its phosphorylation state is reduced, thus contributing 

to the inhibition of SERCA2a function6–8. This defect generates an impairment of 

sarcoplasmic reticulum (SR) Ca2+ refilling that results in slow diastolic relaxation. 

An abnormal Ca2+ distribution may facilitate cardiac arrhythmias appearance and 

myocyte apoptosis9,10.  

Therefore, SERCA2a may represent a molecular target for a pharmacological 

intervention aimed at increasing the mechanical function and the energetic efficiency 

of the diabetic heart characterized by a defective SR Ca2+ loading. To date, the current 

medications have shown a limited efficacy in preventing the progression to HF in 

patients with DCM and diabetic complications10–12. New hypotheses have been 

recently proposed in HF aimed at improving cardiac contractility13–19, however, all 

these attempts are still far from being considered as beneficial treatment options 

available for clinicians and the treatment of HF and DCM remains an open field of 

research. The development of a small-molecule as SERCA2a activator represents a 

promising strategy for HF and DCM treatment. Along this line, istaroxime is the first-
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in-class original luso-inotropic agent, shown to be highly effective and safe in 

patients20. Istaroxime is endowed of a double mechanism of action that consists in the 

ability to inhibit Na+-K+ ATPase (NKA) and enhance SERCA2a ATPase activity21, 

this last obtained through the relief of PLN inhibitory effect on SERCA2a22, without 

inducing spontaneous Ca2+ release from SR21,23. In healthy and failing animal models 

and in patients with acute HF syndrome, istaroxime improves systolic and diastolic 

performance20,24–28 and efficiency of cardiac contraction with a low oxygen 

consumption26, minimizing the risk of arrhythmias or ischemia, without affecting 

other cardiovascular functions29–32. 

In the present study, we characterized the STZ model on different levels of biological 

organization, such as: (i) in vivo, to evaluate STZ-induced DD, (ii) in isolated left 

ventricular (LV) cardiomyocytes, to evaluate structure, intracellular Ca2+ dynamics, 

electrical activity and (iii) in LV and renal preparations (cell-free systems) to assess 

SERCA2a and NKA activity. We tested whether SERCA2a stimulation by a small 

molecule can improve the altered intracellular Ca2+ handling responsible for the DD 

in STZ-treated rats. To this end, istaroxime was tested (i) in vivo after iv infusion in 

STZ rats, (ii) in LV myocytes at a concentration marginally affecting NKA to 

highlight its effects mostly dependent on SERCA2a stimulation and (iii) in the cell-

free systems.  

 

2. Materials and Methods  

All experiments involving animals (methods detailed in the on line Supplementary 

Material) conformed to the guidelines for Animal Care endorsed by the University of 

Milano-Bicocca and to the Directive 2010/63/EU of the European Parliament on the 

protection of animals used for scientific purposes. Male Sprague Dawley rats (150-

175 gr) were used to generate a STZ-induced T1D cardiomyopathy model according 

to the Health Minister of Italy permission. 

Methods details are described in the Online Supplementary Material. 

2.1 STZ rat model 
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T1D was induced through a single STZ (Sigma-Aldrich, 50 mg/kg) injection into a 

rat-tail vein; littermate control (CTR) rats received only citrate buffer (vehicle). 

Overnight fasting or non-fasting glycaemia was measured after 1 week by Contour 

XT system (Bayer). Animals were considered diabetic with fasting glycaemia values 

> 290 mg/dL.   

2.2 Echocardiography  

Eight weeks after vehicle/STZ injection, rats were submitted to a transthoracic 

echocardiographic and Tissue Doppler evaluation, performed under urethane 

anesthesia (1.25 g/kg i.p.) (M9 Mindray Echographer equipped with a 10 MHz probe, 

P10-4s Transducer, Mindray, China). Systolic and diastolic parameters were 

measured in CTR and diabetic (STZ) animals by a blinded investigator. Details are 

shown in the on line Supplementary Material. 

A group of STZ rats was subjected to istaroxime infusion at 0.11 mg/kg/min for 15 

min accordingly to a previous study25. Drug was infused through a polyethylene 50 

cannula inserted into a jugular vein under urethane anesthesia. Echocardiographic and 

Tissue Doppler parameters were measured under basal condition (before) and 

following 15 min istaroxime administration. 

2.3 Morphometric parameters  

Rats were euthanized by cervical dislocation under anesthesia with ketamine-

xylazine (130-7.5 mg/kg i.p) 9 weeks after STZ injection. Body weight (BW), heart 

weight (HW), LV weight (LVW) and kidney weight (KW) were measured. Body 

weight gain (BW gain) was obtained by subtracting the initial BW from the BW at 

sacrifice. HW and KW were normalized to tibia length (TL) to assess respectively 

cardiac and kidney indexes in CTR and STZ groups. 

2.4 Myocyte dimensions and T-tubules (TT) analysis 

Sarcolemmal membranes were stained by incubating isolated LV myocytes with 20 

μmol/L di-3-ANEPPDHQ33 (Life Technologies, Carlsbad, United States) to measure 

cell dimensions and T-tubules (TT) organization/periodicity by a method based on 

Fast Fourier Transform34.  
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2.5 SERCA2a and Na+/K+ pump (NKA) activity measurement 

SERCA2a activity was measured in vitro as 32P-ATP hydrolysis at different Ca2+ 

concentrations (100-3000 nM) in heart homogenates as previously described25. Ca2+ 

concentration-response curves were fitted by using a logistic function to estimate 

SERCA2a Ca2+ affinity (Kd Ca2+) and Vmax.  

NKA activity was assayed in vitro by measuring the release of 32P-ATP, as previously 

described35. The concentration of compound causing 50% inhibition of the NKA 

activity (IC50) was calculated by using a logistic function.  

2.6 Intracellular Na+ and Ca2+ dynamics 

Intracellular Na+ (Na+
i) and Ca2+ (Ca2+

i) dynamics were evaluated by incubating LV 

myocytes with the membrane-permeant form of the dyes Ion NaTRIUM Green-2 AM 

(5 µM) and Fluo4-AM (10 μmol/L) respectively. 

Na+
i dynamics were monitored in I-clamp under physiological condition (Tyrode’s 

solution) and in V-clamp under modified Tyrode’s solution suitable to measure NKA 

current (INKA) at the same time. 

Ca2+
i dynamics were analysed in field stimulated (2 Hz) and in patch-clamped 

myocytes. In field stimulated cells, SR Ca2+ loading and stability were evaluated 

through a post-rest potentiation protocol (Fig S1). CaT parameters and SR Ca2+ 

content (CaSR) were estimated at steady state (2Hz) and following caffeine (10 mM) 

superfusion respectively. Moreover, incidence of spontaneous Ca2+ release (SCR) 

events was evaluated in each group during resting pauses and diastole.  

To better highlight changes in Ca2+ handling not affected by modifications on 

electrical activity, Ca2+
i dynamic was also evaluated in voltage-clamped cells. Firstly, 

action potential (AP) clamp experiments were performed to verify whether CaT 

amplitude and CaSR were dependent on AP durations (APDs). To this end, two AP 

waveforms were used to dynamic voltage clamp STZ myocytes: a “short AP” and a 

“long AP” representative of the CTR and STZ group in terms of AP characteristics 

respectively. Ca2+
i dynamics were then evaluated in voltage-clamped cells by 

standard V-clamp protocols.  
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Finally, to estimate SR uptake function in the absence of NCX and NKA function, 

SR reloading protocol was applied in V-clamped cells by removing Na+ from both 

sides of the sarcolemma (Fig. S2)21. Kinetics of SR Ca2+ reloading was evaluated; in 

particular, we considered the time constant of CaT decay (τdecay) reflecting in this 

setting Ca2+ transport rate across the SR membrane, a functional index of SERCA2a 

activity. 

2.7 Ca2+ sparks rate and characteristics  

Spontaneous unitary Ca2+ release events (Ca2+ sparks) were recorded at room 

temperature in Fluo 4-AM (10 µM) loaded myocytes at resting condition. Tyrode’s 

bath solution contained 1 mM CaCl2.  

2.8 Action potential rate-dependency and variability  

Action potentials (APs) were recorded in I-clamp condition by pacing myocytes at 1, 

2, 4 and 7 Hz during Tyrode superfusion. Rate-dependency of AP duration (APD) at 

50% (APD50) and 90% (APD90) of repolarization and diastolic potential (Ediast) were 

evaluated at steady state. Moreover, at each rate, a minimum of 30 APs were recorded 

at steady state to evaluate the short-term variability (STV) of APD90, a well-known 

proarrhythmic index36, according to Eq. 1: 

𝑆𝑇𝑉=∑(|𝐴𝑃𝐷(𝑛+1)−𝐴𝑃𝐷𝑛|)/[𝑛𝑏𝑒𝑎𝑡𝑠∗√2]  (Eq. 1) 

Incidence of delayed afterdepolarizations (DADs) was evaluated.  

2.9 Statistical analysis 

Normal distribution of the results was checked by using the Shapiro-Wilk test. Paired 

or unpaired Student's t-test, one-way or two-way ANOVA were applied as 

appropriate test for significance between means. Post-hoc comparison between 

individual means was performed by Tukey or Sidak multiple comparison tests. Chi2-

test was used for comparison of categorical variables. Results are expressed as mean 

± SEM. A value of P<0.05 was considered significant.  
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Except when specified, in vitro istaroxime effects were analyzed by incubating cells 

with the drug for at least 30 min, thus group comparison analysis was performed. 

Number of animals (N) and cells (n) are shown in each figure legend. 

 

3. Results 

3.1 Morphometric parameters  

Diabetic rats were obtained by a single injection of STZ (50 mg/kg) into a tail vein 

and were compared to CTR rats receiving only vehicle. Fasting and non-fasting 

glycaemia increased significantly one week after STZ administration (Table 1).  

At the time of STZ administration, body weight (BW) was comparable among CTR 

and STZ groups (data not shown), while 9 weeks after STZ infusion, BW gain was 

largely different among groups because of a BW significantly lower in STZ than in 

CTR (Table 1). Tibia length (TL) was also measured as a rat growth index and 

resulted slightly reduced in STZ compared to CTR (Table 1). Heart weight (HW) was 

significantly lower in STZ than in CTR (Table 1), even when HW was normalized to 

TL (Table 1). Analogously, left ventricular (LV) weight (LVW), normalized to HW, 

was significantly reduced in STZ in comparison to CTR (Table 1).  

Likewise, LV cell length, volume, cross-sectional area (CSA) and cell membrane 

capacitance (Cm), a further index of cell dimension, were significantly reduced in STZ 

in comparison to CTR (Table 1).  

Conversely, kidney weight (KW) did not differ between the two groups, but KW/TL 

ratio resulted modestly increased in STZ rats versus CTR, suggesting STZ-induced 

kidney hypertrophy (Table 1). 

It was further investigated whether the decrease of cardiac weight/mass observed in 

STZ rats might be associated with cardiac fibrosis deposition. To this end, a western 

blot analysis for collagen type 1 and matrix metallopeptidase 9 (MMP-9) protein 

expression level was conducted on LV homogenates from CTR and STZ rats (Fig 

S3). The results indicate that any significant difference of collagen type 1 and MMP-

9 protein content could be detected between the two rat groups.  
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3.2 STZ induces diastolic dysfunction (DD), reverted by acute istaroxime 

infusion  

The echocardiographic parameters were measured in CTR and STZ rats 8 weeks after 

STZ injection (Table 2). Wall thickness for the interventricular septum (IVST) and 

posterior wall (PWT) both in diastole and systole did not differ between CTR and 

STZ rats (Table 2). Analogously, LV end-diastolic and systolic diameter (LVEDD, 

LVESD) remained unchanged (Table 2).  

The calculated fractional shortening (FS) did not differ while the TDI contraction 

velocity (s’) was reduced in STZ animals when compared to CTR, thus suggesting an 

overall systolic function only partially compromised in STZ rats at this stage (Table 

2).  

The transmitral Doppler parameters were altered in STZ rats indicating an 

impairment of diastolic function. In particular, in STZ rats, while early (E) peak 

diastolic velocity was unchanged, E wave deceleration time (DT) was prolonged, 

thus, the mitral deceleration index (DT/E) and the deceleration slope (E/DT) tended 

respectively to increase and decrease; late peak diastolic velocity (A) was 

significantly increased and thus, E/A ratio resulted significantly reduced (Table 2). 

Tissue Doppler examination showed in STZ rats a significant reduction of early 

diastolic myocardial velocity (e’) and a significant increase of late diastolic 

myocardial velocity (a’), similarly to A wave. Thus, a significant reduction of e’/a’ 

ratio and increase of the E/e’ ratio was observed in STZ rats in comparison to CTR 

(Table 2).  

The overall cardiac function indicated that stroke volume (SV), ejection fraction (EF) 

and cardiac output (CO) were not significantly affected in STZ rats although heart 

rate (HR) was reduced. Echocardiographic data mostly indicate that, at this time 

point, STZ induced a diabetic cardiomyopathy characterized by DD and mostly 

preserved systolic function. Furthermore, the diastolic impairment observed in STZ 

rats at this early stage was not associated with cardiac fibrosis (Fig S3). 

To analyze early in vivo effects of istaroxime in reducing STZ-induced DD, 

istaroxime was infused in STZ rats at 0.11 mg/kg/min25 and echocardiographic 
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parameters were collected 15 min later. The results (Table 2) showed that the 

compound was able to revert the DD documented in STZ rats with a significant 

reduction of DT and DT/E and an increase of E/DT and e’ (Table 2). No effect on 

CO, SV and HR was observed following istaroxime infusion at this early time point 

(Table 2). Moreover, to exclude changes due to time dependent effects of urethane, 

echocardiographic parameters were collected every 5 minutes in a set of animals not 

treated with the drug. Up to 20 minutes in urethane anesthesia, diastolic and systolic 

parameters remained constant (Fig S4). It should be noted that in a parallel study we 

estimated istaroxime plasma level in male rats after 1-hour infusion at 0.11 

mg/kg/min, resulting 780 nM (N=3, unpublished data); this suggests that its 

concentration at 15 min infusion should be reasonably around 200 nM. 

3.2 Istaroxime affinity for rat NKA  

To identify the in vitro istaroxime concentration suitable to limit its effects dependent 

on NKA inhibition, INKA was isolated in CTR rat LV myocytes and the concentration-

response curve for istaroxime was evaluated as previously shown for guinea-pig30 

and mouse myocytes23. A saturating concentration of ouabain (1 mM) was used (Fig 

S5) to evaluate the INKA inhibition by istaroxime as percentage of the ouabain-induced 

change. Moreover, a subgroup of cells was incubated with Ion NaTRIUM Green-2 to 

monitor Na+
i changes under istaroxime or ouabain superfusion. The estimated IC50 

for INKA inhibition by istaroxime was 32 ± 4 µM (Fig 1A); a similar value was 

detected in cardiac (84 ± 20 µM) (inset Fig 1A) and renal preparations (55 ± 19 µM, 

Fig S6). Moreover, while NKA inhibition by 100 nM istaroxime was detectable by 

measuring INKA in isolated myocytes (-6.9 ± 1.2%, p<0.05, N=14), istaroxime effects 

on NKA were not detectable up to 1 µM in cardiac and renal preparations. 

In isolated rat ventricular myocytes Na+
i increased slightly under cumulative 

istaroxime concentrations (20 µM istaroxime +2.2 ± 0.7%, p<0.05, N=5), while it 

was evident under saturating ouabain concentration (+8.6 ± 1.4%, p<0.05, N=5) (Fig 

1A).  
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Consistently with the aim of the study, istaroxime effects on STZ-induced changes 

were evaluated by testing the compound at concentrations marginally affecting NKA 

(100 or 500 nM).  

3.3 STZ induces SERCA2a downregulation and T-tubules loss 

LV homogenates from CTR and STZ rats were used to measure SERCA2a and PLN 

protein level by Western blot analysis. Representative Western blots from CTR and 

STZ samples and the relative densitometric analysis indicized for actin content are 

shown in Fig 1B. SERCA2a protein expression resulted significantly reduced in STZ 

versus CTR samples (-45%, p<0.001); while monomeric (m) PLN levels were 

unchanged, pentameric (p) PLN levels were slightly increased (+22%, p<0.05). As a 

consequence, both mPLN/SERCA2a and pPLN/SERCA2a ratio were significantly 

increased (+89% and +128% respectively, p<0.001), suggesting higher SERCA2a 

inhibitory activity by PLN in STZ group. Moreover, in STZ samples, while the 

fraction of phosphorylated Thr17-mPLN (pThr17-mPLN/mPLN) resulted unchanged, 

the fraction of phosphorylated Ser16-mPLN (pSer16-mPLN/mPLN) was reduced (-

42%, p<0.05), thus highlighting reduced PKA-dependent SERCA2a modulation in 

STZ. Most of these measurements were also performed in isolated LV myocytes 

showing comparable results as those shown in LV homogenates (Fig S7).  

SERCA2a activity was measured in cardiac SR homogenates from CTR and STZ rats 

as 32P-ATP hydrolysis assay (Fig 1C). In comparison to CTR preparations, SERCA2a 

Vmax was significantly decreased (-25%, p<0.05) in STZ, while the Kd Ca2+ did not 

differ (Fig S8). Overall, SERCA2a protein level and activity were reduced in STZ 

preparations, a result in line with echocardiographic parameters showing STZ-

induced DD. 

Disarray of the T-tubular (TT) system has been described in several failure models 

and was generally characterized by loss of the transverse component. A sharp pattern 

of transverse striations was observed in CTR myocytes (Fig 1D); accordingly, in 

these myocytes, pixel variance was largely represented by the periodic component, 

whose period was consistent with transverse TT arrangement. LV disarray of the 
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transverse TT was visually obvious in STZ myocytes, a result confirmed by the 

quantitative analysis of the power of the periodic component (Fig 1D).  

3.4 Istaroxime effects on STZ-induced changes in Ca2+ dynamics 

Istaroxime (500 nM) stimulated SERCA2a activity in cardiac SR homogenates from 

STZ diabetic rats by increasing SERCA2a Vmax (+25%, p<0.01) to a value similar to 

CTR rats (Fig 1C) without affecting Ca2+ affinity (575 ± 98 nM vs 450 ± 51 nM, NS, 

Fig S8). Conversely, in CTR rat preparations, Vmax (Fig 1C) and Kd (Fig S8) 

parameters were unchanged in the presence of istaroxime.  

Istaroxime effects on STZ-induced DD were then evaluated at the cellular level by 

measuring the SR ability to accumulate resting Ca2+ through a post-rest potentiation 

protocol in field stimulated myocytes (Fig 2). As shown in Fig 2A, following 

increasing resting pauses, the amplitude of the first CaT increased progressively in 

CTR myocytes; accordingly to STZ-induced SERCA2a downregulation, post-rest 

potentiation was reduced in STZ myocytes at all resting intervals (Fig 2A). Istaroxime 

at 100 nM failed to affect post-rest potentiation in CTR myocytes, while it improved 

the ability of SR to accumulate Ca2+ especially at long resting pauses in STZ 

myocytes, in agreement with its stimulatory action on SERCA2a.  

At steady-state, STZ increased CaD and CaT decay time (t0.5), while leaving 

unchanged CaT amplitude and CaSR (Fig 2B-C). Istaroxime (100 nM) significantly 

increased CaD in CTR myocytes, while blunted STZ-induced CaD enhancement in 

STZ myocytes. This was furtherly appreciable monitoring the time course of CaD 

enhancement during the SR reloading process following caffeine superfusion (Fig 

2D). On the other hand, CaT amplitude, decay kinetics and CaSR were not significantly 

affected by istaroxime in both CTR and STZ myocytes. Overall, STZ-induced 

SERCA2a down-regulation resulted in cytosolic CaD enhancement probably due to a 

reduced ability of SR to compartmentalize Ca2+ into the SR; however, SR Ca2+ 

content was preserved. In parallel, the effect of istaroxime on CaD in CTR myocytes 

was likely attributable to a partial NKA blockade, that was blunted in STZ myocytes 

by the simultaneous action on SERCA2a. 
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SCR events were evaluated in CTR and STZ cells. SCR events were absent in CTR 

while a not significant number of events occurred in STZ myocytes; istaroxime not 

affected their incidence in both CTR and STZ myocytes. 

3.5 STZ induces changes in electrical activity affecting intracellular Ca2+ 

dynamics. Analysis of istaroxime effects.  

Potential changes in electrical activity in STZ myocytes might mask expected 

changes directly resulting from SERCA2a down-regulation (e.g. changes in CaSR).  

Thus, to verify STZ-induced changes in electrical activity, AP rate dependency was 

evaluated in STZ myocytes in comparison to CTR. STZ induced a significant APD 

prolongation at all stimulation rates (Fig 3A), accordingly to voltage-dependent K+ 

channels down-regulation37,38. Moreover, rate dependency of Ediast observed in CTR 

myocytes was absent in STZ myocytes, probably due to STZ-induced NKA down-

regulation39. In both CTR and STZ myocytes, istaroxime at 100 nM not affected 

APD, while slightly depolarized Ediast especially in STZ myocytes (Fig 3A).  

All these measurements were done following istaroxime incubation for at least 30 

min to allow drug accumulation inside the cell and stimulate SERCA2a. On the other 

hand, to better understand drug effects on diastolic potential, likely attributable to 

NKA inhibition, a group of CTR myocytes were loaded with Ion NaTRIUM Green-

2 and membrane potential plus Na+
i were simultaneously recorded at 7Hz (to 

highlight the contribution of NKA to diastolic potential) under basal condition and 

following istaroxime (100 nM) superfusion; ouabaine at saturating concentration was 

also tested as reference compound inhibiting NKA (Fig 3B). Istaroxime at 100 nM 

slightly depolarized Ediast (Δ -0.58 ± 0.1 mV, n=8, p<0.05) in comparison to ouabaine 

superfusion (Δ -13.5 ± 1.2 mV, n=13, p<0.05); in parallel, a significant Na+
i 

enhancement was detectable during ouabaine only (+3 ± 0.5% n=13, p<0.05). 

Overall, as expected, STZ treatment largely affects ion channels and pumps resulting 

in AP shape changes; istaroxime at 100 nM substantially leaved unchanged STZ-

induced AP changes and further slightly depolarized Ediast, resulting from a minimal 

(about -7%) NKA inhibition. 
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The short-term variability (STV) of APD was evaluated in all groups, as a well-

known pro-arrhythmic index. In comparison to CTR, STZ increased STV of APD at 

all pacing rates (Fig 3C); in both CTR and STZ myocytes STV was not significantly 

affected by istaroxime, even though tended to be reduced in STZ myocytes. As 

expected, STV was directly correlated to APD90 in all groups; the slope of this 

correlation tended to increase in STZ group without reaching statistical significance 

(0.016 vs 0.012, ns) and it was not significantly affected by istaroxime in both groups. 

These results suggest the absence of major mechanisms other than APD prolongation 

significantly affecting STV in all groups37. 

Likewise, to SCR incidence, delayed afterdepolarizations (DADs) were completely 

absent in CTR myocytes and were present only in few cells in STZ groups (data not 

shown).  

Given the STZ-induced APD prolongation, we verified if AP duration could 

effectively affect intracellular Ca2+ handling in STZ myocytes. To this end, AP-clamp 

measurements were performed (Fig 4A). CaT were evocated in the same cell by using 

as voltage commands waveforms named “short” AP (CTR AP) and “long” AP (STZ 

AP) (see Methods). In comparison to the short AP waveform, the long AP one caused 

a huge increase in CaT amplitude (+66 ± 9.4%, p<0.05) and CaSR (+36 ± 9.8%, 

p<0.05), confirming the hypothesis that the prolonged AP in STZ myocytes affected 

intracellular Ca2+ handling. 

3.6 STZ-induced Ca2+ handling changes under control of membrane potential 

are reverted by istaroxime SERCA2a stimulation  

To clarify direct effects of SERCA2a down-regulation and its stimulation by 

istaroxime on intracellular Ca2+ handling, analysis on voltage clamped myocytes was 

performed (Fig 4B) through a standard V-clamp protocol. Cells were superfused with 

Tyrode’s solution to allow evaluation of both SR and NCX function. As shown in Fig 

4B, STZ induced CaT and CaSR amplitude reduction, leaving unchanged fractional 

release. Influx through L-type Ca2+ channels (CaL influx) was not affected in STZ 

group, leading to an excitation-release (ER) gain that tended to be reduced in 

comparison to CTR. Moreover, in STZ myocytes ICaL peak density at 0 mV was 
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significantly reduced, but the current decay tended to be slower; in particular, the fast 

decay time constant (τfast), reflecting Ca2+-dependent inactivation, tended to increase 

in comparison to CTR myocytes (Fig S9). Thus, all ICaL changes justify a global 

unaltered Ca2+ influx in STZ myocytes under these settings. Finally, the slope of the 

linear correlation between NCX current (INCX) and the CaSR (ΔINCX/ΔCaSR) was 

similar in CTR and STZ myocytes (Fig S10), suggesting that SERCA2a down-

regulation was not associated to changes in NCX activity in STZ myocytes. 

Treatment of STZ myocytes with istaroxime blunted differences between CTR and 

STZ. 

Lastly, to estimate SR Ca2+ uptake function in the absence of NCX and NKA function, 

SR reloading protocol was applied in V-clamped cells by removing Na+ from both 

sides of the sarcolemma as previously described21. As shown in Fig 4C, after SR 

depletion by caffeine superfusion, in comparison to CTR myocytes, the SR reloading 

process was slower in STZ myocytes, clearly confirming the SERCA2a down-

regulation. In particular, in STZ myocytes, the rate of CaT increment was reduced and 

this was associated with a slower enhancement of the ER gain. Moreover, the decay 

time constant, mostly representing SR Ca2+ uptake function, increased at each pulse, 

accordingly to a reduced SERCA2a function in STZ myocytes. Stimulation of 

SERCA2a by istaroxime caused faster SR reloading and all parameters were restored 

to CTR condition.  

3.7 SERCA2a activity affects Ca2+ sparks characteristics 

As shown before, both DADs and SCR events were detected only in few STZ 

myocytes, suggesting that SR stability is mostly preserved in this DCM model. To 

further analyze this point, Ca2+ sparks rate and characteristics were evaluated in all 

groups (Fig 5). Compared to CTR, STZ myocytes showed Ca2+ sparks with reduced 

amplitude, width, duration and spark mass (Fig 5B), in agreement with a reduced SR 

Ca2+ content at resting. Istaroxime, by stimulating SERCA2a, partially restored Ca2+ 

sparks characteristics in STZ myocytes. In particular, istaroxime-induced SERCA2a 

stimulation emerged also by the analysis of Ca2+ sparks decay that significantly 
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became faster in the presence of the compound. Sparks rate was not significantly 

affected by STZ and istaroxime. 

4. Discussion 

Aim of the present study was to assess the effect of SERCA2a stimulation mediated 

by istaroxime in improving intracellular Ca2+ dynamics in a diabetic rat model 

characterized by impaired diastolic function.  

Several therapeutic approaches that increase SERCA2a function have been recently 

investigated18,40–43. However, despite of the intense research on discovering small 

molecules or gene therapy aimed at selectively activating SERCA2a, no promising 

clinical outcomes have been reached so far.  

Istaroxime is the first-in-class original luso-inotropic agent targeting SERCA2a, in 

addition to NKA inhibition, that has shown efficacy and safety in clinical trials on 

patients with acute HF syndrome20,28. In the past, in vitro istaroxime effects were 

largely characterized at concentrations showing dual mechanism of action21,23,27,29,30. 

In the present study, lusitropic SERCA2a-dependent istaroxime effects were 

evaluated by testing istaroxime both in vitro and in vivo at concentrations marginally 

affecting NKA. Estimated drug plasma level at 15 min infusion and drug 

concentrations adopted for in vitro assays were largely comparable. 

To our knowledge, no other small molecules active on SERCA2a at submicromolar 

concentration are available.    

4.1 STZ-induced DCM. DD is associated to down-regulated SERCA2a 

expression and activity and is improved by istaroxime infusion 

STZ rats showed a clear DD highlighted by changes in mitral inflow, in line with 

published results, reporting that DCM often manifests first as DD (Table 2). Our echo 

measurements evidenced marked alterations on DD indexes in STZ rats. In particular, 

we showed a significant transmitral Doppler flow enhancement of E wave 

deceleration time (DT) and reduced E/A ratio in STZ rats. Analogously, TDI 

parameters, relatively unaffected by load, indicated a significant reduction of early 

diastolic myocardial velocity (e’) and e’/a’ with an increase of E/e’ ratio in STZ rats. 
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Systolic function appeared almost unaffected in STZ as compared to CTR rats, as 

indicated by FS and CO values (Table 2). Moreover, we observed a marked 

bradycardia (Table 2), consistent with the impaired autonomic function and down-

regulation of the expression of the pacemaker channel HCN444. 

Consistently with STZ-induced DD, in heart preparations and in cardiomyocytes 

from STZ rats, we observed a clear reduction of SERCA2 protein expression level, 

an increase of mPLN/SERCA2 ratio and a reduction of Ser16 phosphorylated mPLN 

(Fig 1 and Fig S7). Conversely, CaMKII-dependent Thr17 phosphorylation of mPLN 

was similar between STZ and CTR rats (Fig 1). These biochemical alterations were 

associated with the reduction of SERCA2a ATPase activity observed in heart 

preparations from STZ compared to CTR rats (Fig 1) and indicate that these may 

translate into the impairment of diastolic function seen by the echocardiographic 

examination.  

DCM is reported to be associated with cardiac fibrosis which is responsible for 

increased LV stiffness and decreased ventricular wall compliance resulting in systolic 

and, in particular, DD45. However, in the present study, no change of collagen type 1 

and MMP-9 protein expression has been observed in LV from CTR and STZ rats, 

indicating that 8 weeks after STZ injection may be a time not long enough to develop 

this alteration. Moreover, several indexes indicated the absence of a concrete LV 

hypertrophy in STZ rats, because the increase in HW/BW was strictly dependent on 

BW loss. Otherwise, we observed reduced HW/TL and LV/HW ratios, results 

confirmed at the cellular level with reduced cell membrane capacitance (Cm), CSA, 

cell volume and TT organization. These results are supported by a recent study 

showing reduced sinoatrial cell membrane capacitance in STZ-treated mice44. Loss 

of viable cardiomyocytes in STZ rats is also a possibility as previously shown46. 

Collectively, these results indicate that our model of STZ-induced DCM is 

characterized by impaired diastolic function associated with the down-regulation of 

the SERCA2a expression and activity. This model is therefore suitable for testing the 

cardiac effects of SERCA2a stimulation by istaroxime. Istaroxime infused at 0.11 

mg/kg/min for 15 min in STZ rats reverted the DD, inducing a significant reduction 

of DT and DT/E and an increase of e’ (Table 2). The favorable mechanistic profile of 
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istaroxime action is once again corroborated by our results in ameliorating DD in a 

DCM model.  

4.2 STZ-induced changes in Ca2+ dynamics and electrical activity. Istaroxime 

effects at a concentration marginally affecting NKA. 

Consequences of STZ-induced SERCA2a downregulation were functionally 

analyzed in isolated LV myocytes. In particular, the post-potentiation protocol clearly 

highlighted the reduced ability of SR to accumulate Ca2+ at resting in STZ myocytes 

in comparison to CTR ones. This resulted in CaD enhancement when pacing cells at 

2 Hz (Fig 2); in spite of this, CaSR left unchanged, probably as a consequence of STZ-

induced changes in electrical activity. Indeed, STZ induced marked APD 

prolongation at all stimulation rates (Fig 3A), according to voltage dependent K+ 

channels down-regulation37. Moreover, the lack of Ediast rate dependent 

hyperpolarization in STZ myocytes is in agreement with STZ-induced NKA down-

regulation39.  

AP-clamp experiments clearly demonstrated the relevance of AP waveform in 

controlling intracellular Ca2+ dynamics (Fig 4A). Indeed, AP prolongation caused a 

sharp intracellular Ca2+ loading. Thus, STZ induced changes in electrical activity 

might indirectly affect intracellular Ca2+ dynamics. In agreement with this, following 

the control of membrane potential (Fig 4B), direct effects of STZ-induced SERCA2a 

downregulation were detected on Ca2+ handling. In particular, by clamping myocytes 

at -40 mV, STZ induced CaSR and CaT amplitude reduction, effects that were unseen 

in intact field stimulated cells. Moreover, incubating myocytes in extracellular and 

intracellular Na+ free solutions to remove NCX and NKA contribution (Fig 4C), SR 

Ca2+ uptake reloading kinetic following caffeine-induced SR depletion was clearly 

depressed in STZ myocytes. 

Istaroxime stimulated SERCA2a in cardiac preparations from STZ rats by re-

establishing the STZ-induced reduction of its maximal activity (Vmax) without 

affecting its affinity for Ca2+ (Kd). Moreover, no effects on SERCA2a activity were 

detected in CTR heart preparation (Fig 1), indicating that the stimulatory action on 

SERCA2a is more remarkable when a pathological alteration (i.e. STZ-induced 
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SERCA2a downregulation) is present. Analogously, in dog cardiac SR vesicles, the 

stimulatory effect of istaroxime prevailed in the failing vs healthy dog22. However, in 

healthy guinea pig cardiac microsomes istaroxime stimulated SERCA2a by reducing 

the Kd
21. The different effect of the compound on SERCA2a kinetic parameters in rat 

and dog (Vmax enhancement) versus guinea pig (Kd reduction) may not exclude 

species-specific differences in SERCA2a-PLN functional complex formation along 

the heart preparation, affecting istaroxime interaction. Furthermore, these kinetic 

changes across species might depend on how the compound interferes with species-

specific SERCA2a-PLN complex domains. Although Ferrandi et al.22 has already 

shown that istaroxime stimulates SERCA2a activity through a direct interaction with 

SERCA2a/PLN complex, favoring a partial dissociation of PLN from SERCA2a, 

further structural studies are still necessary to full understand istaroxime molecular 

mechanism of action.  

At the cellular level, istaroxime stimulated SR Ca2+ uptake as clearly shown by 

applying the post-rest potentiation protocol to STZ myocytes (Fig 2). Moreover, as 

explain above, SERCA2a stimulation by the drug was fully remarkable by controlling 

membrane potential changes in voltage clamped myocytes (Fig 4). Indeed, 

istaroxime, by stimulating SERCA2a, mostly restored STZ-induced changes in CaSR 

and CaT amplitude and it accelerated the SR uptake function, effects all compatible 

with a sharp enhancement of Ca2+ uptake by the SR, as expected from stimulation of 

SERCA2a activity.  

STZ-induced CaD enhancement was blunted by istaroxime in paced STZ myocytes; 

by contrast, CaD was significantly increased by the drug in CTR myocytes. Moreover, 

istaroxime slightly depolarized Ediast in both CTR and STZ myocytes, as a result of a 

partial NKA blockade. Overall, the modulation of CaD by 100 nM istaroxime might 

be the consequence of the balance between effects depending on SERCA2a 

stimulation and NKA inhibition, although negligible.  

Abnormalities of the SR uptake function can be due to reduced SERCA2a activity or 

to increased Ca2+
 leak through RyRs channels. While functional and structural 

SERCA2a down-regulation (increased inhibition by PLN and reduced SERCA2a 

protein level) was observed, RyRs open probability was not significantly changed in 
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STZ myocytes. Indeed, Ca2+ sparks frequency (Fig 5), the incidence of Ca2+ waves 

and the related DADs were not significantly increased in STZ myocytes, thus 

suggesting the absence of a sharp SR instability at this stage of STZ-induced DCM. 

These findings lead to limit the detection of potential antiarrhythmic effect of 

istaroxime as a direct consequence of SERCA2a stimulation.  

Moreover, STZ-induced changes in Ca2+ sparks characteristics are a mirror image of 

the reduced SR Ca2+ content in STZ myocytes (Fig 5). Indeed, in comparison to CTR 

myocytes, Ca2+ sparks became smaller in amplitude, spatial and time duration, 

resulting in a smaller spark mass. Istaroxime, by stimulating SERCA2a, blunted these 

changes and even markedly accelerated Ca2+ sparks decay. The last event is relevant 

for the potential anti-arrhythmic efficacy of istaroxime because of a faster Ca2+ 

release unit (CRU) switch off, that can limit Ca2+ waves genesis. Moreover, the 

acceleration of Ca2+ spark decay induced by istaroxime seems independent on STZ-

induced changes; thus, we cannot exclude direct effects of the drug on Ca2+ spark 

termination mechanisms. 

Temporal dispersion of repolarization, quantified as short-term variability (STV) of 

APD, is a well-known pro-arrhythmic index because plays an important role in the 

initiation of ventricular arrhythmias like torsade de point (TdP)47. STV was 

significantly increased in STZ myocytes and this was mainly associated to APD 

prolongation (Fig 3C); istaroxime did not significantly affected STV.  

4.3 Study limitations 

The aim of the study was to test the effect of SERCA2a stimulation on DD in a DCM 

model. The study spreads from in vivo to in vitro effects of istaroxime at a 

concentration marginally affecting NKA. We would like to stress that even though 

effects dependent on NKA inhibition were detected, the general findings of the study 

are largely dependent on SERCA2a stimulation by the drug.  

 

5. Conclusions and clinical implications 
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SERCA2a stimulation by istaroxime improves DD in diabetic rats, by controlling 

intracellular Ca2+ compartmentalization. Thus, SERCA2a stimulation can be 

considered a promising therapeutic approach for DCM treatment. Even though the 

translation of drug effects from animal models to patients must take into account 

differences in the pathophysiological mechanisms/picture between animals and 

patients, STZ model was useful for studying the cardiac mechanical improvement 

produced by a drug endowed with a SERCA2a stimulatory activity. Accordingly, a 

recent phase II randomized clinical study in patients hospitalised for acute HF28 

showed that a 24-hour infusion of istaroxime at 0.5 and 1 µg/kg/min improved both 

diastolic and systolic cardiac function without major cardiac adverse effects. This is 

a proof-of-concept that SERCA2a stimulation is a novel and valid target for the 

treatment of high risk patients with reduced LVEF. Therefore, we are confident that 

the development of small molecules active on SERCA2a only (“pure SERCA2a 

activators”) might be clinically relevant to treat targeted population with unfavorable 

cardiovascular outcomes with traditional therapies. 
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Figure legends 

Figure 1. Istaroxime affinity for rat NKA. Changes in SERCA2, PLN levels and 

T-tubules expression in STZ vs CTR rats. (A) Top: Recordings of Na+/K+ ATPase 

current (INKA) and Ion NaTRIUM Green-2 fluorescence (Hp -40 mV) during exposure 

to increasing concentrations of istaroxime and, finally, to 1 mM ouabain (OUA). 

Bottom: concentration-dependent INKA inhibition by istaroxime in isolated CTR LV 

myocytes (the best logistic fit and confidence intervals are shown, N=5, n=6-27). 

Concentration-dependent NKA activity inhibition by istaroxime and OUA in cardiac 

preparations is shown in the inset (N=5). B) Left: Western blot for SERCA2, 

monomeric (m) and pentameric (p) PLN, pSer16-PLN and pThr17-PLN in STZ 

(N=6,7) and CTR (N=5,6) cardiac homogenates. Right: densitometric analysis; 

values are expressed as optical density in arbitrary units. *p<0.05 vs CTR (unpaired 

t-test). C) Left: Ca2+ activation curves of SERCA2a activity measured as CPA 

sensitive component in cardiac SR homogenates from CTR (N=8) and STZ (N=10) 

rats with or w/o 500 nM istaroxime. Right: statistics of the maximum velocity (Vmax) 

of the Ca2+ activation curves estimated by sigmoidal fitting. *p<0.05 vs CTR 

(unpaired t-test), #p<0.05 vs STZ (paired t-test). D) Top: confocal images of di-3-

ANEPPDHQ (20 µmol/L) loaded CTR and STZ myocytes (horizontal bars 2 µm). 

Bottom: mean power spectrum (PS) profile of T-tubules (TT) in CTR (N=5, n=114) 

and STZ (N=9, n=181) group; average results of the power of the periodic component 

on the right. *p<0.05 vs CTR (unpaired t-test). 

Figure 2. STZ-induced changes in Ca2+ dynamics in field stimulated myocytes. 

Analysis of istaroxime effects. A) Left: post-rest potentiation protocol in Fluo4 field 

stimulated (2Hz) myocytes; steady state Ca2+ transients (ssCaT) and superimposed 

first Ca2+ transients (1st CaT) following increasing resting pauses (1-5-10-20 s) are 

reported in CTR and STZ myocytes, with or w/o 100 nM istaroxime. Traces were 

normalized to own diastolic Ca2+ level (dotted lines). Right: analysis of the 1st CaT 

amplitude normalized to the amplitude of the pre-pause ssCaT and its pause-

dependency. CTR N=5 (w/o istaroxime n=44, with istaroxime n=34), STZ N=3 (w/o 

istaroxime n=35, with istaroxime n=23). *p<0.05 vs CTR w/o istaroxime; #p<0.05 
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vs STZ w/o istaroxime (two-way ANOVA plus post-hoc Sidak’s multiple 

comparisons). B) ssCaT and caffeine-induced CaT evocated in field stimulated CTR 

and STZ myocytes with or w/o 100 nM istaroxime (the dotted line indicates the 

diastolic Ca2+ (CaD) in CTR w/o istaroxime). C) Statistics for ssCaD, ssCaT amplitude, 

caffeine-induced CaT (named CaSR) and ssCaT half decay time (t0.5). CTR N=5 (n=36 

w/o istaroxime, n=31 with istaroxime), STZ N=7 (n=52 w/o istaroxime, n=42 with 

istaroxime). *p<0.05 vs CTR w/o istaroxime (one-way ANOVA plus post-hoc 

Tukey’s multiple comparisons). D) Changes in CaD during the reloading process after 

caffeine-induced SR depletion. CaD values (CaD,n) were normalized to the 1st pulse 

CaD (CaD,1). CTR N=5 (n=36 w/o istaroxime, n=29 with istaroxime), STZ N=7 (n=49 

w/o istaroxime, n=43 with istaroxime). 

Figure 3. STZ-induced changes in electrical activity. Analysis of istaroxime 

effects. A) Top: representative action potentials (AP) recorded at 1 Hz in CTR and 

STZ myocytes with or w/o 100 nM istaroxime. Bottom: rate dependency of AP 

parameters (APD50, APD90, Ediast) in CTR and STZ myocytes with or w/o 100 nM 

istaroxime. CTR N=4 (n=29 w/o istaroxime, n=25 with istaroxime), STZ N=3 (n=24 

w/o istaroxime, n=19 with istaroxime). *p<0.05 vs CTR w/o istaroxime, #p<0.05 vs 

STZ w/o istaroxime (two-way ANOVA plus post-hoc Sidak’s multiple comparisons). 

B) Effects of 100 nM istaroxime superfusion on diastolic potential (top, AP y axis 

zoomed to highlight changes) and Na+
i (bottom) in comparison to the effect of 1 mM 

ouabain (OUA) in CTR myocytes loaded with Ion-Natrium Green 2 and stimulated 

at 7Hz. C) Top: Rate-dependency of APD90 STV in each experimental group. CTR 

N=4 (n=27 w/o istaroxime, n=21 with istaroxime), STZ N=3 (n=24 w/o istaroxime, 

n=20 with istaroxime). *p<0.05 vs CTR w/o istaroxime, (two-way ANOVA plus 

post-hoc Sidak’s multiple comparisons). Bottom: linear correlation between STV of 

APD90 and APD90 values in CTR and STZ groups; data from all stimulation rates 

were pooled.  

Figure 4. STZ-induced Ca2+ handling changes under control of membrane 

potential. Analysis of istaroxime effects. A) Top: APs waveforms (CTR and STZ 

APs named short and long APs respectively) and corresponding CaT evocated in V-
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clamped STZ myocyte through AP-clamp experiments (2 Hz). Caffeine-induced CaT 

(caff-CaT) and the corresponding NCX current (INCX) were recorded at -80 mV 

following steady state stimulation with short and long AP to estimate changes in SR 

Ca2+ content (CaSR). Bottom: statistics of CaT amplitude (N=5, n=30) and CaSR 

(integral of inward INCX, marked as striped area) (N=5, n=22) under short and long 

AP stimulation. Fluorescence signals were converted to free Ca2+ estimating Fmax in 

each cell. *p<0.05 vs short AP (paired t-test). B) Top: transmembrane currents and 

CaT simultaneously recorded in voltage-clamped cells (Hp -35 mV) from CTR and 

STZ myocytes with or w/o 100 nM istaroxime. Bottom: statistics of CaT amplitude, 

SR Ca2+ content (CaSR), Ca2+ influx through L-type Ca2+ channel (CaL influx) and 

excitation release (ER)-gain. CTR N=3 (n=22-24), STZ N=5 (w/o istaroxime n=26-

33, with istaroxime n=28). Fluorescence signals were converted to free Ca2+ 

estimating Fmax in each cell. *p<0.05 vs CTR (one-way ANOVA plus Tukey’s 

multiple comparison). C) Statistics of CaT parameters (CaT amplitude, ER-gain and 

CaT decay time constant) measured during each pulse after SR depletion under NCX 

blockade (see Fig S2) in CTR and STZ myocytes with or w/o 100 nM istaroxime. 

*p<0.05 vs CTR; #p<0.05 vs STZ w/o istaroxime (two-way ANOVA); CTR N=5 

(n=13-21), STZ N=4 (w/o istaroxime n=13-28, with istaroxime n=19-24).  

Figure 5. STZ-induced changes in Ca2+ sparks rate and characteristics. Analysis 

of istaroxime effects. A) Representative xt images showing Ca2+ sparks at resting in 

CTR and STZ myocytes with or w/o 100 nM istaroxime. B) Statistics of Ca2+ sparks 

characteristics and rate for each group. *p<0.05 vs CTR; #p<0.05 vs STZ w/o 

istarpoxime (one-way ANOVA plus Tukey’s multiple comparison); CTR N=7 (n=62, 

sparks # =2789), STZ N=5 (w/o istaroxime n=53, sparks # =2019, with istaroxime 

n=47, sparks # = 1940). FWHM: full width at half maximum, FDHM: full duration 

at half maximum, Spark mass (spark amplitude*1.206* FWHM3). 
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Table legends 

Table 1. Glycaemia values, morphometric parameters and LV cell dimensions. 

Average values of fasting/non fasting glycaemia, morphometric parameters and LV 

cell dimensions in CTR and STZ animals. Body weight (BW), heart weight (HW), 

kidney weight (KW), left ventricle weight (LVW), tibia length (TL). *p<0.05 vs CTR 

(unpaired t-test). Morphometric parameters: CTR N=15-21, STZ N=23-34. Cell 

dimensions: CTR N=4 (n=58), STZ N=6 (n=108). Cell membrane capacitance: CTR 

N=12 (n=75), STZ N=13 (n=83).  

Table 2. Echocardiographic and Tissue Doppler parameters. Average values in 

CTR and STZ animals before (basal) and after infusion with istaroxime at 0.11 

mg/kg/min for 15 min.  Telediastolic interventricular septum thickness (IVSTd), 

telediastolic posterior wall thickness (PWTd), left ventricle early-diastolic diameter 

(LVEDD), telesystolic interventricular septum thickness (IVSTs), telesystolic 

posterior wall thickness (PWTs), left ventricle early-systolic diameter (LVESD), 

fractional shortening (FS), early diastolic peak velocity (E, e’), late diastolic peak 

velocity (A, a’), deceleration time (DT), systolic peak velocity (s’), heart rate (HR), 

stroke volume (SV), cardiac output  (CO), ejection fraction (EF). *p<0.05 vs CTR 

(unpaired t-test), $p<0.05 vs STZ basal (paired t-test). CTR N=7, STZ N=7. 
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CTR STZ  P vs CTR 

Fasting glycaemia (mg/dL) 94 ± 2 390 ± 14 * 

Non fasting glycaemia (mg/dL) 126 ± 4 560 ± 8 * 

BW (g) 400 ± 7 202 ± 6 * 

BW gain (g) 230 ± 14 26 ± 8 * 

HW (g) 1.65 ± 0.08 1.03 ± 0.03 * 

TL (cm) 4.3 ± 0.02 3.63 ± 0.03 * 

HW/BW (g/kg) 4.11 ± 0.17 5.16 ± 0.11 * 

HW/TL (g/cm) 0.40 ± 0.03 0.28 ± 0.009 * 

LVW/HW (%) 67.9 ± 1.0 63.4 ± 0.7 * 

KW (g) 2.23 ± 0.05 2.19 ± 0.07 NS 

KW/TL (g/cm) 0.52 ± 0.01 0.6 ± 0.02 * 

    

LV cell length (µm) 136 ± 2.8 120 ± 2.1 * 

LV cell volume (103 µm3) 65 ± 1.9 37 ± 1.03 * 

LV Cross-Sectional Area (CSA, um2) 482 ± 13.8 309 ± 7.5 * 

LV cell membrane capacitance (pF) 179 ± 6 136 ± 4 * 

 

Table 1 
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CTR 

STZ  
basal 

STZ 
+ istaroxime 

IVSTd (mm) 1.9 ± 0.09 1.81 ± 0.12 1.88 ± 0.12 

PWTd (mm) 1.71 ± 0.17 1.45 ± 0.08 1.47 ± 0.07 

LVEDD (mm) 6.6 ± 0.35 7.08 ± 0.32 7.27 ± 0.23 

IVSTs (mm) 2.6 ± 0.22 2.54 ± 0.18 2.57 ± 0.19 

PWTs (mm) 2.71 ± 0.2 2.52 ± 0.1 2.55 ± 0.21 

LVESD (mm) 3.07 ± 0.39 3.11 ± 0.28 3.1 ± 0.34 

FS (%) 53.8 ± 5.66 56.2 ± 2.4 57.7 ± 3.7 

E (m/s) 0.88 ± 0.03 0.89 ± 0.05 0.95 ± 0.05 

A (m/s) 0.52 ± 0.07 0.7 ± 0.03 * 0.81 ± 0.05 $ 

E/A 1.82 ± 0.21 1.26 ± 0.03 * 1.18 ± 0.05 

DT (ms) 53.5 ± 1.55 61 ± 2.17 * 48.4 ± 3.8 $ 

DT/E (10-3 s2/m) 61.3 ± 1.43 69.3 ± 4.5 52.2 ± 5.6 $ 

E/DT (103 m/s2) 16.3 ± 0.35 14.7 ± 0.9 20.8 ± 2.8 $ 

s’ (mm/s) 33.2 ± 1.18 24.8 ± 1.19 * 25.2 ± 1.11 

e’ (mm/s) 26.7 ± 1.73 21.2 ± 0.63 * 24.5 ± 1.46 $ 

a’ (mm/s) 20.7 ± 1.61 27.8 ± 1.99 * 31.1 ± 2 

e'/a’ 1.31 ± 0.063 0.77 ± 0.03 * 0.79 ± 0.02 

E/e' 33.2 ± 1.56 42.3 ± 2.43 * 39.1 ± 1.57 

HR (bpm) 303 ± 9.5 233 ± 10 * 240 ± 13 

SV (mL) 0.59 ± 0.1 0.73 ± 0.08 0.78 ± 0.05 

CO (mL/min) 179.8 ± 30.3 170.2 ± 17 186.9 ± 15 

EF (%) 83.6±3.2 89.9±1.6 90.2±2.3 

N 7 7 7 

 

Table 2 
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Supplementary figures 

 

 

 

Figure S1. Post-rest potentiation protocol to evaluate SR Ca2+ 

compartmentalization during rest intervals. Field stimulated Ca2+ transients were 

evocated at 2 Hz and steady state CaT were interrupted by increasing resting pauses 

(1-5-10-20 s). The amplitude of 1st CaT evocated following each resting pause was 

then normalized to the amplitude of the pre-pause ssCaT (see main text Fig 2). 

 

 

 

 

Figure S2. Protocol to evaluate intracellular Ca2+ dynamics in patch-clamped 

cells under Na+ free condition. (A) Protocol outline. (B) Transmembrane current 

(left) and Ca2+ transients (right) during SR reloading after caffeine-induced SR 

depletion in patch-clamped cells; for details see previous work1 and supplementary 

Methods below. 
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Figure S3. Protein expression levels of Collagen and MMP-9 in cardiac 

homogenates from CTR and STZ rats. (A) Representative Western blots for 

collagen type 1, matrix metallopeptidase 9 (MMP-9) and corresponding actin in 

cardiac homogenates from CTR and STZ rats. (B) Average results expressed as 

optical density in arbitrary units. CTR N=6, STZ N=6 (unpaired t-test). 
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Figure S4. Time-dependent changes of echocardiographic parameters during 

urethane anesthesia in CTR rats. Fractional shortening (FS), ejection fraction (EF), 

heart rate (HR), cardiac output (CO), early (E, e’) and late (A) diastolic peak velocity, 

deceleration time (DT). N=8. *p<0.05 vs 5 min (one way ANOVA). 

 

 

Figure S5. Saturating concentration of ouabain to block NKA in CTR rat LV 

cardiomyocytes. Example of membrane current recorded at -40 mV in the presence 

of Ni2+ (5 mM), nifedipine (5 µM), Ba2+ (1 mM) and 4-aminopyridine (2 mM) to 

block Na+/Ca2+ exchanger, Ca2+ and K+ currents, respectively. Switching from 

extracellular K+ free to 5.4 mM K+ solution, activated an outward current abolished 

by 1 mM ouabain (OUA) pretreatment, demonstrating that the protocol is suitable to 

record INKA and that 1 mM OUA is a saturating concentration to block NKA in rat 

ventricular myocytes.  
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Figure S6. NKA inhibition by istaroxime and ouabain in purified rat kidneys. 

Concentration-response curves for NKA blockade by istaroxime (N=2) and ouabain 

(N=3) in purified rat kidneys. NKA activity was assayed in vitro by measuring the 

release of 32P-ATP. The concentration causing 50% inhibition of the NKA activity 

(IC50) was calculated by using a logistic function and was, respectively, 55 ± 19 µM 

for istaroxime and 96 ± 26 µM for ouabain.  

 

 

 
 

Figure S7. Protein expression levels of SERCA2 and PLN in LV myocytes from 

CTR and STZ rats. Representative Western blot for SERCA2, monomeric (m) and 

pentameric (p) PLN in CTR and STZ LV myocytes. Densitometric analysis in 

arbitrary units is shown on the right. CTR N=4, STZ N=6. *p<0.05 vs CTR (unpaired 

t-test).  
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Figure S8. Effects of STZ and istaroxime on SERCA2a Ca2+ affinity (Kd) in LV 

homogenates. The kinetic parameter was estimated by fitting the Ca2+ activation 

curves through a logistic function (see main text Fig 1). CTR N=8, STZ N=10 (with 

and w/o istaroxime). 
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Figure S9. Effects of STZ (with and w/o istaroxime) on nifedipine-sensitive 

current (ICaL) at 0 mV. Peak ICaL density (pA/pF) and inactivation kinetic 

components obtained interpolating ICaL decay with a bi-exponential function. 

Statistics of decay time constants (τfast and τslow) and contribution of the fast 

component to the current decay (Afast/Atot) are shown. CTR N=3, n=15), STZ N=6 

(w/o istaroxime n=20, with istaroxime n=20). * p<0.05 vs CTR (one-way ANOVA 

plus Tukey’s multiple comparison). 
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Figure S10. Linear correlation between NCX current (INCX) and CaSR (caffeine 

induced CaT) during the final third of the caffeine-induced CaT; average results of the 

ΔINCX/ΔCaSR slope on the right (CTR N=3, n=18), STZ N=6 (w/o istaroxime n=19, 

with istaroxime n=17). See Fig 4B of the main text. 
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Supplementary methods  

Echocardiography  

Eight weeks after vehicle/STZ injection, rats were submitted to a transthoracic 

echocardiographic and Doppler evaluation, performed under urethane (1.25 g/kg i.p.) 

anesthesia, (M9 Mindray Echographer equipped with a 10 MHz probe, P10-4s 

Transducer, Mindray, China). 

Two-dimensionally guided M-mode recordings were used to obtain short-axis 

measurements of left ventricular end-diastolic diameter (LVEDD), left ventricular 

end-systolic diameter (LVESD), posterior wall thickness in diastole (PWTd) and 

interventricular septum thickness in diastole (IVSTd) according to the American 

Society of Echocardiography guidelines. Fractional shortening was calculated as  

FS = (LVEDD - LVESD)/LVEDD.  

Mitral inflow was measured by pulsed Doppler at the tips of mitral leaflets from an 

apical 4-chamber view to obtain early and late filling velocities (E, A), and 

deceleration time (DT) of early filling velocity. The deceleration slope was calculated 

as the ratio E/DT. The mitral deceleration index was calculated as the ratio DT/E. 

Tissue Doppler Imaging (TDI) was evaluated from the apical 4 chamber view to 

record mitral annular movements, i.e., peak myocardial systolic (s’), and early and 

late diastolic velocity (e’ and a’). 

End diastolic volume (EDV) and end systolic volume (ESV) were calculated from 

the diameters using the Teicholz formula. Ejection fraction, expressed as a percentage 

(EF%), was calculated by the formula: (EDV-ESV)/EDV*100.  

Heart homogenate preparations 

Rats were sacrificed at 9 weeks after STZ injection. Left ventricle (LV) tissues from 

CTR and STZ rats were rapidly excised, frozen in liquid nitrogen and stored at -80°C. 

Tissues were homogenized (1g/4ml buffer) in a medium containing 300 mM sucrose, 

50 mM K-phosphate, pH 7, 10 mM NaF, 0.3 mM PMSF, 0.5 mM DTT and 

centrifuged at 35.000g for 30 min. The final pellet was suspended in the same medium 

and stored in aliquots at -80°C until use. 
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Protein concentration was determined by Lowry assay2 using bovine serum albumin 

as standard, and molecular purity was checked using SDS-polyacrylamide gel 

electrophoresis. 

Kidney and LV tissues preparations for NKA activity measurements  

Renal outer medulla and LV from CTR rats were dissected and suspended (1g/10 ml) 

in a sucrose-histidine solution containing 250 mM sucrose, 30 mM histidine and 5 

mM EDTA, pH 7.2 and homogenized. The homogenate was centrifuged at 6,000 g 

for 15 min, the supernatant was decanted and centrifuged at 48,000 g for 30 min. The 

corresponding pellet contained tissue microsomes. LV microsomes were utilized 

directly for NKA activity measurements. Conversely, kidney microsomes were 

further purified on a sucrose gradient. The pellet was suspended in the sucrose-

histidine buffer and incubated for 20 min with a sodium-dodecyl-sulphate (SDS) 

solution, dissolved in a gradient buffer containing 25 mM imidazole and 1 mM 

EDTA, pH 7.5. The sample was layered on the top of a sucrose discontinuous gradient 

(10, 15 and 29.4%) and centrifuged at 60,000 g for 115 min. The final pellet was 

suspended in the gradient buffer. 

SERCA2a and NKA activity measurement 

SERCA2a activity was measured in vitro as 32P-ATP hydrolysis at different Ca2+ 

concentrations (100-3000 nM) as previously described3. The heart homogenate (30 

μg) was pre-incubated for 5 minutes at 4°C in 80 μL of a solution containing (mM): 

100 KCl, 5 MgCl2, 20 Tris, 5 NaN3, 0.001 A23187, 0.001 Ruthenium red, at pH 7.4. 

After pre-incubation, 20 μl of a 5 mM Tris-ATP solution containing 50 nCi of 32P-

ATP (0.5-3 Ci/mmol, Perkin Elmer) were added. After 15 min at 37°C, the ATP 

hydrolysis was stopped by acidification with 100 μL ice-cold perchloric acid 20% 

v/v. 32P-phosphate was separated by centrifugation with activated charcoal (Norit A, 

SERVA) and the radioactivity was measured by liquid scintillation counting in a beta 

counter (Microbeta Trilux, Perkin Elmer). SERCA2a-dependent activity was 

identified as the portion of total hydrolytic activity inhibited by 10 μM Cyclopiazonic 



225 

 

Acid (CPA). Ca2+ concentration-response curves were fitted by using a logistic 

function to estimate SERCA2a Ca2+ affinity (Kd Ca2+) and Vmax.  

NKA activity was assayed in vitro by measuring the release of 32P-ATP, as previously 

described4. Increasing concentrations of the standard ouabain, or istaroxime, were 

incubated with 0.3 μg of purified rat kidney enzyme or 20 μg of LV microsomes for 

10 min at 37°C in 120 μl final volume of a medium, containing 140 mM NaCl, 3 mM 

MgCl2, 50 mM Hepes-Tris, 3 mM ATP, pH 7.5. Then, 10 μl of incubation solution 

containing 10 mM KCl and 20 nCi of 32P-ATP (3-10 Ci/mmol) were added, the 

reaction continued for 15 min at 37°C and was stopped by acidification with 20% v/v 

ice-cold perchloric acid. 32P was separated by centrifugation with activated Charcoal 

(Norit A, Serva) and the radioactivity was measured. The inhibitory activity was 

expressed as percent of the control samples carried out in the absence of ouabain or 

tested compound. The concentration of compound causing 50% inhibition of the 

NKA activity (IC50) was calculated by using a logistic function.  

Western blot analysis 

Samples of LV homogenates or isolated LV myocytes were separated by SDS-

polyacrylamide gel electrophoresis (4-12% Bis-Tris Criterion BIO-RAD gels), 

blotted for 1h and incubated overnight at 4°C with specific primary antibodies, 

followed by 1h incubation with specific secondary antibodies, labelled with 

fluorescent markers (Alexa Fluor or IRDye) and quantified by Odyssey Infrared 

Imaging System (LI-COR). 

Antibodies: polyclonal anti-SERCA2 (N-19; Santa Cruz Biotechnology); monoclonal 

anti-PLN (2D12, Abcam); polyclonal anti-phospho-Ser16-PLN (Upstate Millipore); 

polyclonal anti-phospho-Thr17-PLN (Santa Cruz); polyclonal anti-Collagen type 1 

(Chemicon); polyclonal anti-MMP9 (Abcam); polyclonal anti-actin (Sigma).  

Ventricular myocytes preparation 

Male Sprague Dawley LV ventricular myocytes were isolated by using a retrograde 

coronary perfusion method previously published5 with minor modifications. Rod-

shaped, Ca2+-tolerant myocytes were used within 12 h from dissociation. 
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Myocyte dimensions and T-tubules (TT) analysis 

Sarcolemmal membranes were stained by incubating isolated LV myocytes with 20 

μmol/L di-3-ANEPPDHQ (Life Technologies, Carlsbad, United States)5 dissolved in 

high K+ solution (in mmol/L: 40 KCl, 3 MgCl2, 70 KOH, 20 KH2PO4, 0.5 EGTA, 

50 L-Glutamic acid, 20 Taurine, 10 HEPES, 10 Glucose, pH 7.4) for 10 min at room 

temperature. The excitation-contraction uncoupler blebbistatin (17 μmol/L) was 

added to inhibit cell motion. Cells were then washed before confocal analysis. Images 

(1024 x 1024 pixels) were collected with Nikon A1R laser-scanning confocal 

microscopy equipped with a 60x oil-immersion objective; photomultiplier gain and 

offset were maintained constant throughout each measurement. 

Myocyte were stacked (optical sectioning 1.26 µm) to evaluate cell areas over the 

entire cell thickness; mean cell area was then evaluated. Cell length, defined as the 

longest length parallel to the longitudinal axis of the myocyte, was measured in the 

central section of the cell; cell volume was estimated as mean cell area * cell 

thickness; the myocyte cross-sectional area (CSA) was estimated from the cell 

volume/cell length ratio.  

T-tubules (TT) organization and periodicity was evaluated by a method based on Fast 

Fourier Transform on 8-bit grayscaled images bu using TTorg plugin (Fiji)6. TT 

images (1024 x 1024 pixels, 50 µm * 50 µm) were collected with Nikon A1R laser-

scanning confocal microscopy. The peak amplitude in the Fourier spectrum of the 

image at the TT frequency (called TT power) and the TT power spectrum profile of 

each cell were collected. 

 

Patch clamp measurements 

Ventricular myocytes were clamped in the whole-cell configuration (Axopatch 200-

A, Axon Instruments Inc., Union City, CA). During measurements, myocytes were 

superfused at 2 ml/min with Tyrode's solution containing 154 mM NaCl, 4 mM KCl, 

2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES/NaOH, and 5.5 mM D-glucose, adjusted 

to pH 7.35. A thermostated manifold, allowing for fast (electronically timed) solution 

switch, was used for cell superfusion. All measurements were performed at 35 ± 
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0.5°C. The pipette solution contained 110 mM K+-aspartate, 23 mM KCl, 0.2 mM 

CaCl2 (calculated free-Ca2+=10–7 M), 3 mM MgCl2, 5 mM HEPES-KOH, 0.5 mM 

EGTA-KOH, 0.4 mM GTP-Na+ salt, 5 mM ATP-Na+ salt, and 5 mM creatine 

phosphate Na+ salt, pH 7.3. Membrane capacitance and series resistance were 

measured in every cell but left uncompensated. Current signals were filtered at 2 KHz 

and digitized at 5 KHz (Axon Digidata 1200). Trace acquisition and analysis was 

controlled by dedicated software (Axon pClamp 8.0).  

Na+/K+ pump current (INKA) recordings 

INKA was measured as the holding current recorded at -40 mV in the presence of Ni2+ 

(5 mM), nifedipine (5 µM), Ba2+ (1 mM) and 4-aminopyridine (2 mM) to minimize 

contamination by changes in Na+/Ca2+ exchanger, Ca2+ and K+ currents, respectively. 

Tetraethylammonium-Cl (20 mM) and EGTA (5 mM) were added to the pipette 

solution and intracellular K+ was replaced by Cs+. To optimize the recording 

conditions, INKA was enhanced by increasing intracellular Na+ (10 mM) and 

extracellular K+ (5.4 mM). In each cell, the current was recorded at steady state during 

exposure to increasing concentrations of the drug under test and, finally, to a 

saturating concentration of ouabain (1 mM). All drugs were dissolved in dimethyl 

sulfoxide (DMSO). Control and test solutions contained maximum 1:200 DMSO. 

Because INKA inhibition was expressed as percentage of ouabain effect, the latter was 

used as the asymptote for the estimation of IC50 values whenever possible. 

A subset of cells was incubated with the Na+ indicator Ion NaTRIUM Green-2 AM 

(5 µM, Abcam) to evaluate changes in intracellular Na+ (Na+
i) together with changes 

in membrane current (see below). 

Intracellular Na+ (Na+
i) dynamics 

Na+
i was monitored in I-clamp condition under physiological condition (Tyrode 

solution) and in V-clamp condition under modified Tyrode’s solution suitable to 

measure INKA at the same time (see above). Myocytes were incubated for 30 min with 

the Na+ indicator Ion NaTRIUM Green-2 AM (5 µM, Abcam) and then washed for 

15 min to allow dye de-esterification. Dye emission was collected through a 535 nm 
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band pass filter, converted to voltage, low-pass filtered (100 Hz) and digitized at 2 

kHz after further low-pass digital filtering (FFT, 50 Hz).  

Intracellular Ca2+ (Ca2+
i) dynamics 

Myocytes were incubated in Tyrode solution for 30 min with the membrane-permeant 

form of the dye, Fluo4-AM (10 μmol/L), and then washed for 15 min to allow dye 

de-esterification. Fluo4 emission was collected through a 535 nm band pass filter, 

converted to voltage, low-pass filtered (100 Hz) and digitized at 2 kHz after further 

low-pass digital filtering (FFT, 50 Hz). 

After subtraction of background luminescence, a reference fluorescence (F0) value 

was used for signal normalization (F/F0) (see below for details). Whenever possible, 

fluorescence was calibrated in nmol/L by estimating in each cell the maximal 

fluorescence (Fmax) by increasing at the end of the experiment the intracellular Ca2+ 

concentration through a gentle patch damage. Fluorescence was converted to [Ca]f 

according to Eq. S1: 

[𝐶𝑎]𝑓 = 𝐹 ∗ 𝐾𝑑/(𝐹𝑚𝑎𝑥 − 𝐹)   (Eq. S1) 

assuming a dye Ca2+ dissociation constant (Kd) = 400 nmol/L.  

Ca2+
i dynamics in field stimulated cells 

Intracellular Ca2+ dynamics were measured in Fluo4-loaded field-stimulated (2 Hz) 

cardiomyocytes superfused with Tyrode’s solution. To highlight the ability of SR to 

uptake Ca2+ at resting (SERCA function) a post-rest potentiation protocol was applied 

(Fig S1). Briefly, voltage-induced Ca2+ transients (CaT) were evocated at 2 Hz and 

steady state CaT (ssCaT) were interrupted by increasing resting pauses (1-5-10-20 s). 

The amplitude of 1st CaT evocated following each resting pause was then normalized 

to the amplitude of the pre-pause ssCaT to evaluate SR Ca2+ compartmentalization 

during rest intervals. ssCaT was evaluated in terms of diastolic Ca2+ (CaD) and CaT 

amplitude. The SR Ca2+ content (CaSR) was estimated at steady-state by applying an 

electronically timed 10 mM caffeine pulse. SR Ca2+ fractional release (FR) was 

obtained as the ratio between voltage-induced CaT and caffeine-induced CaT (CaSR) 
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amplitude. Moreover, CaT decay kinetic was estimated by measuring decay t0.5. 

Furthermore, after SR Ca2+ depletion by caffeine, cells were de novo stimulated and 

CaD values during the reloading process were monitored. Resting Ca2+ following SR 

depletion was used as reference fluorescence (F0) for signal normalization (F/F0). 

Spontaneous Ca2+ release (SCR) events were evaluated in each group at resting and 

during diastole. A fluorescence increase > 3SD the resting fluorescence was 

considered a SCR.  

Ca2+
i dynamics in patch-clamped cells  

Firstly, action potential (AP)-clamp experiments were performed (at 2 Hz) to evaluate 

changes in CaT amplitude and CaSR strictly dependent on AP durations (APDs) only. 

To this end two AP waveforms were used as command signals in V-clamp condition 

and both were applied to the same cell: a “short AP” and a “long AP”, representative 

of the CTR and STZ group in terms of AP characteristics respectively. CaSR was 

estimated as usual at steady state by caffeine superfusion and it was quantified by 

integrating inward NCX current (INCX) elicited during caffeine superfusion at -80 mV. 

At the end of the experiment, Fmax was estimated in each cell by gentle patch damage 

to convert fluorescence signals in Caf. 

Thus, to highlight direct effects on Ca2+ handling not depending on electrical activity 

modifications, Ca2+
i dynamics were also evaluated in voltage-clamped cells by 

standard V-clamp protocols. BaCl2 (1 mM) and 4-aminopyridine (2 mM) were added 

to Tyrode’s solution to block K+ channels. Transmembrane current and cytosolic Ca2+ 

were simultaneously recorded during a train of depolarizing (100 ms) pulses to 0 mV 

(0.25 Hz) from a holding potential of -40 mV. At steady state condition, an 

electronically timed 10 mM caffeine pulse was applied at the same cycle length to 

estimate CaSR. Fluorescence signal was converted to Caf (see above) by measuring 

Fmax in each cell; CaT amplitude, CaSR and fractional release (FR) were evaluated. 

CaSR was estimated by integrating INCX elicited by caffeine and by measuring the 

amplitude of caffeine-induced CaT, obtaining similar results. Data from caffeine-

induced CaT are reported in Fig 4B. The slope of the INCX/CaSR relationship during 

the final third of the caffeine-induced CaT was used to estimate NCX ‘conductance’. 
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Ca2+ influx through L-type Ca2+ channel (CaL) was evaluated integrating the 

nifedipine (10 μM)-sensitive current during the activation pulse at the peak of the 

evocated CaT and then converted to nmol of Ca2+. Accordingly, the excitation-release 

(ER) gain was calculated as the ratio between the fraction of nmol of Ca2+ released 

by SR and nmol of Ca2+ entered in the cell (CaT amplitude-CaL)/CaL). ICaL inactivation 

kinetic was evaluated interpolating current decay with a bi-exponential function; fast 

and slow decay time constant (τfast and τslow) and the proportion of fast or slow 

component to the total decay (e.g. Afast/Atot) were estimated. 

Finally, to estimate SR uptake function in the absence of NCX and NKA function, 

SR reloading protocol was applied in V-clamped cells by removing Na+ from both 

sides of the sarcolemma as previously described1,7,8. Cells were incubated in a 

Na+/Ca2+-free solution (replaced by equimolar Li+ and 1 mM EGTA) added with 4-

aminopyridine (2 mM) to block K+ channels. The pipette solution was Na+-free (Na+ 

salts were replaced by Mg2+ or Tris salts). The protocol consisted in emptying the SR 

by a caffeine pulse (with 154 mM Na+ to allow Ca2+ extrusion through NCX) and 

then progressively refilling it by voltage steps to 0 mV activating Ca2+ influx through 

ICaL in the presence of 1 mM Ca2+ (Fig S2). Kinetics of SR Ca2+ reloading was 

evaluated in terms of rate of CaT amplitude and ER gain enhancement during the 

loading process. ER gain in this protocol setting was simply evaluated as the ratio 

between CaT amplitude and CaL influx at the peak of CaT within each pulse. 

Moreover, we considered the time constant of CaT decay (τdecay) reflecting Ca2+ 

transport rate across the SR membrane, a functional index of SERCA2a activity.  

Ca2+ sparks rate and characteristics  

Spontaneous unitary Ca2+ release events (Ca2+ sparks) were recorded at room 

temperature in Fluo 4-AM (10µM) loaded myocytes at resting condition. Tyrode’s 

bath solution contained 1 mM CaCl2. Images were acquired at x60 magnification in 

line-scan mode (xt) at 0.5 kHz by confocal Nikon A1R microscope. Each cell was 

scanned along a longitudinal line and #10 xt frames (512 pxls x 512 pxls) were 

acquired. Non-cell fluorescence was acquired too to allow background fluorescence 

measurement. Confocal setting parameters were kept constant throughout all 



231 

 

experimental groups to permit group comparison analysis. Images were analyzed by 

SparkMaster plugin (Fiji) software9. Automatic spark detection threshold (criteria) 

was imposed to 3.8. Only in focus Ca2+ sparks (amplitude > 0.3) were considered to 

quantify their characteristics. In particular, the following spark parameters were 

measured: frequency (N of events/s/100μm), amplitude (ΛF/F0), full width at half-

maximal amplitude (FWHM, μm), full duration at half-maximal amplitude (FDHM, 

ms), full width (FW, μm) and full duration (FD, ms), time to peak (ttp, ms) and decay 

time constant (τ, ms). Spark mass (spark amplitude*1.206* FWHM3) was also 

calculated as index of Ca2+ spark volume10. 

Compounds 

Stock Fluo4-AM (1 mM in DMSO) and Ion NaTRIUM Green-2 (1 mM in DMSO) 

solutions were diluted in Tyrode's solution. Istaroxime was dissolved in DMSO at 

10-100 mM and then diluted to get final concentrations from 100 nM to 1 mM. The 

final DMSO did not exceed 0.1% (if it is not different specify). Istaroxime was 

synthesized at SciAnda (/Changshu) Pharmaceuticals Ltd, Jiangsu (China). Fluo4-

AM from ThermoFisher Scientific-Life Technologies Italia, Ion NaTRIUM Green-2 

from Abcam and all other chemicals from Merck (Darmstadt, Germany). 
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Aims Atrial fibrillation (AF) is the most common type of cardiac arrhythmias, whose incidence is likely to increase with the ag-
ing of the population. It is considered a progressive condition, frequently observed as a complication of other cardiovas-
cular disorders. However, recent genetic studies revealed the presence of several mutations and variants linked to AF,
findings that define AF as a multifactorial disease. Due to the complex genetics and paucity of models, molecular mecha-
nisms underlying the initiation of AF are still poorly understood. Here we investigate the pathophysiological mechanisms
of a familial form of AF, with particular attention to the identification of putative triggering cellular mechanisms, using
patient’s derived cardiomyocytes (CMs) differentiated from induced pluripotent stem cells (iPSCs).
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Methods
and results

Here we report the clinical case of three siblings with untreatable persistent AF whose whole-exome sequence analysis
revealed several mutated genes. To understand the pathophysiology of this multifactorial form of AF we generated three iPSC
clones from two of these patients and differentiated these cells towards the cardiac lineage. Electrophysiological characterization
of patient-derived CMs (AF-CMs) revealed that they have higher beating rates compared to control (CTRL)-CMs. The analysis
showed an increased contribution of the If and ICaL currents. No differences were observed in the repolarizing current IKr and
in the sarcoplasmic reticulum calcium handling. Paced AF-CMs presented significantly prolonged action potentials and, under
stressful conditions, generated both delayed after-depolarizations of bigger amplitude and more ectopic beats than CTRL cells.
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Conclusions Our results demonstrate that the common genetic background of the patients induces functional alterations of If
and ICaL currents leading to a cardiac substrate more prone to develop arrhythmias under demanding conditions.
To our knowledge this is the first report that, using patient-derived CMs differentiated from iPSC, suggests a plausi-
ble cellular mechanism underlying this complex familial form of AF.
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1. Introduction

Atrial fibrillation (AF) is themost common cardiac arrhythmia, occurring
in 1–2% of the general population, but with a greater incidence in the el-
derly. In this type of arrhythmia, ectopic activity originating outside the si-
noatrial node, gives rise to a disorganized electrical activation due to a
cellular substrate susceptible to re-entrant circuits. While AF is com-
monly associated with structural heart diseases and is a major cause of
cardiovascular morbidity and mortality in the elderly, it sometimes devel-
ops in a subset of patients younger than 60, with no evidence of associ-
ated cardiopulmonary or other diseases.
In recent years, evidence for inheritable forms of AF has grown. Beyond

the rare cases of monogenic forms of AF and linkage analysis that revealed
several genetic loci associated with AF,1 population-based studies have
shown that having first degree relatives with AF increases significantly the

probability to develop AF.2 Familial AF is likely associated with a complex
genetic background that predisposes to this arrhythmia and that may or
may not manifest itself depending on other non-genetic contributors.
Because of this genetic complexity, the molecular mechanisms underly-

ing the initiation of AF are still poorly understood and possibly involve a
complex interplay of various effectors.3 In addition, electrical disturbances
typical of AF cause the remodelling of the atria in a way that may sustain
the arrhythmic phenotype.4 This remodelling, in turn, makes it impossible
to discriminate between causes and effects of AF when analysing cardio-
myocytes (CMs) obtained from patient’s biopsies. Human induced pluripo-
tent stem cells-derived CMs (hiPSCs-CMs) may represent a valuable
model to study AF, since they carry the exact genetic background of the
patient but are free from the AF-dependent remodelling. hiPSC-CMs are
now recognized as a useful human model that recapitulates the functional
alterations underlying inherited arrhythmogenic diseases.5
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In this work, we describe the first iPSC-derived model of human AF,
generated from two out of three siblings that developed a drug-resistant
form of AF at a relatively young age (<55 years). Using this model, we
compared molecular and electrophysiological properties of hiPSC-CMs
from AF patients (AF-CMs) and controls (CTRL-CMs), revealing altera-
tions in ionic currents that may represent one of the cellular mechanisms
that contribute to AF initiation.

2. Methods

2.1 AF patients
The three siblings were referred to Spedali Civili of Brescia (Italy), where
they were diagnosed for AF (for details on method see Supplementary
material online). Since all three patients were non-responsive to antiar-
rhythmic medication and failed previous transcatheter ablation, they
underwent surgical ablation as described in Supplementary material on-
line. A detailed clinical history of the patients is reported in the
Supplementary material online, Table S1.

2.2 Generation of hiPSCs and cardiac
differentiation
Blood and skin biopsies have been obtained from all three siblings fol-
lowing approved protocols by the Ethical Committee of Brescia (proto-
col number 1737) and a written consent obtained from the patients, in
agreement with the declaration of Helsinki. hiPSC were generated as
reported in Supplementary material online.
Cardiac differentiation of hiPSC was carried out either by embryoid
bodies (EBs), as previously described6 or by monolayer culture using the
PSC Cardiomyocyte Differentiation Kit (Thermo Fisher Scientific).
Differentiation in EBs was used for experiments on beating clusters to
record the spontaneous rate. All the other experiments were carried
out using themonolayer differentiation.

2.3 Electrophysiological and Ca2þ handling
analysis
Electrophysiological and Ca2þ handling experiments were performed on
dissociated hiPSC-CMs from at least three independent differentiation
experiments, using the patch-clamp technique in whole-cell configura-
tion. For protocols and solutions see Supplementary material online.

2.4 Statistics
Statistical analysis was carried out with Origin Pro 9, IBM SPSS Statistics
and R software. Groups were compared with one-way ANOVA fol-
lowed by pairwise comparison using Fisher’s test or by nested one-way
ANOVA with Holm P-value adjustment. Difference in events percentage
among groups was assessed by Fisher’s exact test, adjusting the P-value
with Bonferroni correction. P-value <0.05 defines statistical significance.
Data are presented asmean± SEM.

3. Results

3.1 Characteristics of patients: genetic
screening for mutations in AF-related
genes
We identified three siblings with untreatable AF (see exemplified elec-
trocardiogram in Supplementary material online, Figure S1 and clinical

characteristics in Supplementary material online, Table S1) who, due to
failure of pharmacological treatment, underwent surgical ablation.
Although they present other comorbidities (e.g. high body mass index
and hypertension) that may importantly contribute to the poor control
of the pathology, the familiarity, and their young age of onset of AF,
strongly support a genetic basis for this form of arrhythmia.
In an attempt to identify potential AF-related mutations within the
family we performed a whole exome sequencing in which data obtained
from the three siblings (dubbed AF1, AF2, and AF3) were compared
with 6000 human reference genomes (GRC37/hg19). We identified
more than one hundred variants common only to the three siblings (see
Supplementary material online, Table S2). Only few of these variants
were in genes previously associated with AF (ZFHX3) and expressed
also in the heart (PDE4DIP, CNN2, RYR3, NEFM, FLNC, and MYLK).
Because of the complex genetic background of the family and the lack of
unquestionably healthy relatives, we decided to address the molecular
basis of this formof AF from a functional point of view.

3.2 Generation of hiPSC clones
To highlight possible common functional cardiac alterations in these
patients, we generated patient-derived iPSCs and differentiated them
into CMs. The reprogramming procedure was effective for fibroblasts
obtained from AF1 and AF2, which allowed the generation of three
hiPSC clones (AF1 n=2; AF2 n=1).
In the absence of unquestionably healthy parental or isogenic controls,
AF clones were compared with at least three of four different unrelated
control clones: one derived from dermal fibroblasts of an age-matched
healthy woman7 (CTRL1); one derived from epidermal keratinocytes8

(CTRL2); one derived from dermal fibroblasts of a young male (CTRL3
shown in Figure 1B and C); and the last one from blood cells of a 62-year-
old male not affected by AF or other cardiac pathologies (CTRL4).
The clones obtained from AF1 and AF2 were tested for the expres-
sion of both exogenous (t) and endogenous (e) pluripotency genes
OCT4, SOX2,NANOG, and REX1 by qPCR (Figure 1A) or by immunocyto-
chemistry (Figure 1B). They were further screened for morphological
properties typical of pluripotent colonies, such as sharp borders, the
absence of a central dark area, and the expression of alkaline phospha-
tase (Figure 1B). Themaintenance of a normal karyotype was also verified
by quinacrine staining of metaphase plates (Figure 1B). Finally, the capac-
ity to differentiate towards the three germ layers was confirmed by
immunostaining with specific antibodies recognizing the ectodermal pro-
tein Nestin or Class III beta-Tubulin (TUJ1), the mesodermal protein
smooth muscle actin, and the endodermal protein alpha fetoprotein
(Figure 1C).

3.3 AF and CTRL hiPSCs differentiate into
CMs with similar efficiency
For the experiments evaluating beating rate of clusters of hiPSC-CMs,
clones were differentiated towards the cardiac lineage using a previously
published procedure that involves spontaneous formation of EBs.6 For
all remaining experiments, we switched to a commercially available car-
diac differentiation kit that ensured a higher yield of CMs.
Besides the appearance of beating areas, CMs in AF and CTRL groups
were evaluated for the expression of the cardiac troponin gene
(TNNT2) and the atrial gene sarcolipin (SLN) at day 30 of differentiation,
by qPCR. The plots in Figure 2A (top panels) show that the levels of
TNNT2 and SLNwere similar in all groups.

hiPSC cardiomyocytes for modelling familial AF 1149



Figure 1 Pluripotency characterization. (A) qPCR analysis of pluripotency gene expression in hiPSC using dermal fibroblasts as reference control equal to
1. tOCT4 and tSOX2 indicate the specific expression of transgenes, while eOCT4 and eSOX2 refer to expression of endogenous genes. Differences in gene ex-
pression levels were compared using one-way ANOVA followed by Fisher’s T-test. (B) Summary panels for AF1, AF2, and CTRL hiPSC lines, as indicated
(from left to right): bright-field images of primary fibroblasts, alkaline phosphatase activity in hiPSC-colonies, immunostaining of hiPSC for pluripotency
markers and karyotype. (C) Immunostaining of differentiated hiPSCs with antibodies recognizing ectodermal, mesodermal, and endodermal markers as
indicated.
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.We further investigated cardiac differentiation at the protein level by
assessing the expression of cardiac troponin I in cellular lysates using a
commercially available diagnostic kit (Figure 2B, left panel), finding no dif-
ferences among clones. CMs yield was evaluated by flow cytometry using
an anti-cardiac troponin T (cTNT) antibody. This analysis revealed that
around half of the population was composed by CMs (Figure 2B, right

panel). Again, no significant differences were found between AF and
CTRL clones. Top panels of Figure 2C show representative images of iso-
lated AF1-CMs, stained with cTNT and sarcomeric actin, displaying clear
sarcomeric structures. In differentiating monolayers (Figure 2C, bottom
panels), we evaluated the expression of the atrial myosin light chain
(MLC2a) typical of immature/atrial CMs; conversely, very poor

Figure 2 hiPSC-derived cardiomyocyte differentiation. (A) qPCR analysis of cardiac troponin T (TNNT2) and sarcolipin (SLN) expression at day 30 of dif-
ferentiation for AF1-, AF2-, andCTRL-CMs, as indicated. Undifferentiated hiPSCwere used as negative control. (B) Quantification of cardiac troponin I (mg)
on total protein content (TP, mg) of AF1 (2.9±0.46; n= 3), AF2 (2.4± 1.37; n=3), CTRL (2.36± 1.08; n= 6), and hiPSCs (0.002± 0.01; n= 2) (left).
Representative flow cytometry analysis on hiPSC-differentiated cells using an anti-cardiac troponin T antibody: AF1 (45.1 ±11 n=3), AF2 (55.2± 19 n= 3),
CTRL (52± 12 n=6) (right). (C) Representative images of isolated AF1-CM and AF1-differentiated monolayers stained for cardiac troponin T (cTNT), sar-
comeric actin (a-SARC), atrial (MLC2a), and ventricular (MLC2v) myosin light chains; nuclei were counterstained with DAPI. (D) Ratios between the qPCR
expression levels of heavy (left) and light (right) chain isoforms of myosin. Human atria (hA) and ventricles (hV) were used as positive and negative controls,
respectively. Differences in gene expression and protein quantificationwere assessed by one-way ANOVA followed by Fisher’s T-test.
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staining was obtained using anti-ventricular light chain (MLC2v)
antibodies.
To better characterize the maturation stage reached at 30days and

the subtype of CM obtained, we measured the expression of the genes
corresponding to the alfa (atrial) and beta (ventricular) myosin heavy
chain (MYH6 and MYH7, respectively) and atrial and ventricular light
chains (MYL7 and MYL2, respectively) by qPCR. Figure 2D shows
that the mean MYH6/MYH7 ratio values were similar among hiPSC-CMs
and comparable to values found in human adult atrium but not
human ventricles. These data together with SLN expression, further sug-
gest an immature/atrial rather than a ventricular phenotype for hiPSC-
CMs.
Taken together these data confirm the reproducibility of the differen-

tiating procedure among different groups and indicate that no significant
differences in CM differentiation were found between AF and CTRL
hiPSC lines.

3.4 hiPSC-CMs from AF patients display a
higher beating rate than CTRL
In order to investigate the molecular mechanisms contributing to AF in
our patients, we compared the electrophysiological properties of AF-
and CTRL-CMs. Because data obtained from CMs of different CTRL
clones were similar (Supplementary material online, Figure S2 and Tables
S3–S5), they were pooled together.
Representative action potential (AP) traces, recorded from spontane-

ously beating hiPSC-CM aggregates derived from AF1, AF2, and CTRL
lines are shown in Figure 3A; even if the intra-clone variability was rela-
tively large, on average aggregates derived from the two patients were
beating at significantly higher rates than those derived from control lines
(Figure 3B; see also Supplementary material online,Movies S1 and S2).
No significant differences in maximum diastolic potential, amplitude,

and rate-corrected duration9 were observed (Supplementary material
online, Table S3). To test if the higher rate could result from elevated
concentrations of intracellular cyclic AMP (cAMP), cells were challenged
with a saturating concentration of the b-adrenergic agonist isoprotere-
nol (Iso 1mM). Panels of Figure 3C show representative time courses of
spontaneous action potential rate in control, during superfusion of iso-
proterenol and after washout. The mean graph of Figure 3D shows that
the fractional rate acceleration caused by isoproterenol was similar in all
groups, suggesting that the higher basal beating rate does not depend on
the modulatory pathway but likely derives from an intrinsic modification
of the pacemaking mechanisms. On the other hand, we evaluated the ef-
fect of superfusion of the bradycardic agent ivabradine (3 mM). Panels in
Figure 3E show representative time courses of spontaneous action po-
tential rate in control, during ivabradine perfusion and after washout.
The mean graph of Figure 3F shows that the fractional rate reduction
caused by ivabradine was significantly higher in AF groups, abolishing the
rate difference. These data suggest a higher than normal contribution of
If to the pacemaker activity of beating AF-CMs.

3.5 hiPSC-CMs from AF patients show a
gain of function of f-channels
Since the If current is a major contributor to control beating rate,

10,11 we
measured the pacemaker If current in isolated AF-CMs at day 15 and day
30 of differentiation, while controlling at the same time the expression of
the HCN genes responsible for this current (Figure 4). Expression analy-
sis revealed that HCN1, HCN2, and HCN3 isoforms were expressed at
comparable low levels in all groups while HCN4, the most abundant

isoform, was significantly more expressed in CTRL than in AF1- and
AF2-CMs (Figure 4A).
Such increase in HCN4 expression could not be confirmed by immu-

nofluorescence analysis; representative confocal images shown in Figure
4B display similar HCN4 expression in CMs derived from the various
hiPSC lines.
Functional data instead demonstrated a significant gain of function of f-

channels in AF-CMs compared to CTRL cells, as shown by the represen-
tative families of If traces recorded from 30-day-old hiPSC-CMs (Figure
4C) and by the mean current density-voltage relations for AF1-, AF2-,
and CTRL-CMs (Figure 4D, top). Interestingly, besides having higher den-
sity, f-channels of AF-CMs also activated at significantly more positive
potentials than in CTRL-derived cells, as apparent from the mean activa-
tion curves shown in Figure 4D (bottom). It is noteworthy that at an ear-
lier stage of differentiation (between day 15 and 20), while the current
density does not differ among groups, f-channels activation is already
shifted by 7 and 10mV towards more positive potentials in AF1- and
AF2-CMs, respectively, compared to CTRL (see Supplementary material
online, Figure S3). Superfusion with isoproterenol (100nM), which is
known to cause a cAMP-dependent positive shift of If activation curve,

12

had similar effects in all groups (shift: AF1=4.0± 0.5mV, n= 15;
AF2 =4.1± 0.5mV, n= 21; CTRL=5.0 ± 0.7mV, n= 9), indicating that
the more positive activation depends on changes in the intrinsic proper-
ties of the channel rather than a functional modulation due to alteration
in cytosolic cAMP homeostasis. Since a mis-interaction of HCN channels
with caveolin-3 (CAV3) may cause both a shift of their voltage depen-
dence and decrease in membrane expression,13,14 we evaluated if the
more positive activation in AF-CMs could be due to either a decreased
expression of CAV3 or a mis-localization of the channel and CAV3. We
found that CAV3 was equally expressed in AF- and CTRL-CMs
and HCN4 co-localized with CAV3 (Supplementary material online,
Figure S4).

3.6 AF-CMs display an increase in the L-
type calcium current with a preserved
calcium handling
Antiarrhythmic drugs aimed at controlling heart rhythm often target cal-
cium currents and in particular L-type calcium currents. We thus evalu-
ated the expression levels and functional properties of calcium channels.
qPCR analysis revealed that CACNA1C and CACNA1D genes, respon-
sible for the ICaL current, were similarly expressed in AF- and CTRL-
CMs with CACNA1C as the prevalent isoform (Figure 5A).
Electrophysiological analysis revealed instead that AF-derived cells show
a significantly larger nifedipine-sensitive ICaL current than CTRL-CMs as
shown by representative traces in Figure 5B and by the mean current
density-voltage relations plotted in Figure 5C (top). All samples had simi-
lar activation and inactivation curves (Figure 5C, bottom).
Notably, the difference in ICaL densitywas already detectable at an early

stage of differentiation (see Supplementary material online, Figure S3).We
did not detect the expression of CACNA1G gene (Figure 5A) and indeed
we could never record a T-type calcium current (data not shown).
To verify whether ICaL enhancement in AF-CMs might alter the ex-

citation-contraction coupling mechanism, intracellular Ca2þ handling
was evaluated. In order to analyse only the primary effects on the in-
tracellular Ca2þ handling, cells were voltage-clamped and stimulated
at 1Hz and diastolic calcium (Cadiast), Ca

2þ transient (CaT) ampli-
tude, and sarcoplasmic reticulum (SR) Ca2þcontent (CaSR) mea-
sured. In Figure 5D left, representative traces are shown together
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..with the protocol. The analysis revealed that Cadiast was similar in all
groups, while AF1-CMs showed an increased CaT amplitude and an
increase in CaSR, compared to CTRL-CMs and AF2-CMs. AF2-CMs
values were similar to those of CTRL-CMs. However, fractional re-
lease (FR) did not change among groups, suggesting a preserved SR
stability in AF as in CTRL cells under resting condition (Figure 5D,
right). The Ca2þ parameters for the three separate CTRL lines can
be found in Supplementary material online, Table S5. In agreement
with these data, Western blot analyses on SERCA2 and phospholam-
ban did not reveal any difference (Supplementary material online,
Figure S5).

3.7 AF-CMs show longer action potential
duration without changes in repolarizing
currents

Once isolated, the great majority of hiPSC-CMs were quiescent but
when stimulated (at 1Hz) they fired action potentials. In Figure 6, the his-
tograms of action potential duration (APD)90 obtained fromAF1-, AF2-,
and CTRL-CMs show that, despite the large variability of data, intrinsic
to this cell model, AF-CMs have a wider distribution of APD (Figure 6A)
with action potentials lasting as much as 300ms, while none of the action
potentials recorded from CTRL-CMs lasted more than 200ms. In Figure

Figure 3 hiPSC-CMs from AF patients show increased spontaneous firing rate and similar response to b-adrenergic stimulation compared to controls.
(A) Representative voltage traces of spontaneous firing recorded from hiPSC-CM clusters from AF1 and AF2 patients and CTRL as indicated. (B) Scatter
plot of the firing rate (open circles) and mean values (filled squares) of AF1 (0.88± 0.04Hz, n/exp= 24/6), AF2 (0.99± 0.07Hz, n/exp= 19/8), and CTRL
(0.72±0.05Hz, n/exp= 25/9) hiPSC-CMs. (C) Time course of the firing rate of representative hiPSC-CM clusters fromAF1, AF2, and CTRL from top to bot-
tom, respectively; the black line indicates the time of isoproterenol perfusion. Insets show representative voltage traces before and during isoproterenol
stimulation. (D) Dot plot graph of the percentage increase in firing rate after isoproterenol stimulation. (AF1 100.6± 16.5%; n/exp= 8/3, AF2 87.0± 10.4%;
n/exp= 10/6, and CTRL 106.4± 9.4%; n/exp= 6/5). (E) Time course of the firing rate of representative hiPSC-CM clusters fromAF1, AF2, and CTRL before,
during, and after ivabradine superfusion. Insets show representative voltage traces before and during ivabradine stimulation. (F) Dot plot of the percentage
decrease in firing rate after ivabradine superfusion (AF1 -35.2± 4.3%; n/exp=8/3; AF2 -34.9± 6.8%; n/exp= 9/3; CTRL -16±3.3%; n/exp= 8/3). Data were
compared using nested one-way ANOVA *P<0.05.
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6B representative traces recorded from the three groups highlight the
prolongation of APD in AF-CMs.
On average patient-derived cells displayed significantly longer APD at

30, 50, and 90% of repolarization (see Table 1), in agreement with the
presence of a larger ICaL.
Because of this APD prolongation, we decided not to categorize

the CM population in nodal-, atrial-, or ventricular-like cells based on

the APD ratio. Indeed, the classifications based on either the APD90/
APD5015 or the APD30–40/APD70–80 ratios,16 revealed that 66.5
or 68.5% of CTRL-CMs seems to be atrial-like, while these percen-
tages were substantially lower for AF1-CMs (52.5–47.5%) and AF2-
CMs (48.7–41.0%). However, as apparent in the Supplementary ma-
terial online, Figure S6, most of the AF-derived CMs fall close to the
cut-off values separating atrial from ventricular cells. Since AF-CMs

Figure 4 If current is increased in AF-CMs. (A) qPCR analysis of HCN isoforms normalized to troponin T expression at day 30 of differentiation. (B)
Representative images of isolated AF1-, AF2-, and CTRL-CMs stained for HCN4 and cardiac troponin T (calibration bar= 10mm). (C) Representative traces
of If current density recorded at -35, -75, and -105mV followed by a step at -125mV from AF1-, AF2-, and CTRL-CMs. (D Top) Plot of mean If current den-
sity voltage relation from AF1-CMs (blue triangles), AF2-CMs (green inverted triangles), and CTRL-CMs (white circles); Peak current density (at -125mV):
AF1= -7.17±1.1*pA/pF, n/exp= 14/8; AF2= -6.75± 0.72*pA/pF, n/exp= 13/3; CTRL= -3.45± 0.43pA/pF, n/exp= 28/9. (Bottom) Mean activation curves
of If current from AF1-CMs, AF2-CMs, and CTRL-CMs (symbols as in top panel). V1/2 values: AF1 = -71.2± 1.6* mV, n/exp= 21/6; AF2= -72.7±1.3* mV, n/
exp =15/4; CTRL= -81.5± 1.4mV, n/exp=28/9. Inverse slope factor values: AF1= 8.4± 0.25, n= 21; AF2 = 7.5 ±0.5, n= 15; CTRL= 9.5± 0.5, n= 28.
*P< 0.005. Data were compared using nested one-way ANOVA *P< 00.5.
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..show a larger ICaL and, as a consequence, a APD prolongation, a
certain number of atrial-like cells would indeed pass the threshold
and enter the ‘ventricular-like’ category even if they are not actually
ventricular cells. Therefore, in this specific case, a selection of
cells based on these criteria would obviously introduce a bias in the
results.

Of the main repolarizing currents, we were able to analyse the
delayed rectifier current IKr, whose density and kinetics did not differ be-
tween AF- and control-CMs (Supplementary material online, Figure S7).
Under our differentiation conditions IKs was absent while, in agreement
with the depolarized resting potential, IK1 was expressed at very low lev-
els (data not shown), as previously reported.17

Figure 5 L-type calcium current is increased in AF-CMs. (A) qPCR analysis of L-type calcium channel isoforms (1C, 1D) and T-type isoform (1G) expres-
sion normalized to troponin level at day 30 of differentiation. (B) Representative traces of ICaL current density recorded by 10mV steps to the range of -40/
þ10mV from AF1-, AF2-, and CTRL-CMs. (C Top) Plot of mean ICaL current density voltage relation from AF1-CMs (blue triangles), AF2-CMs (green
inverted triangles), and CTRL-CMs (white circles). Peak current density (at 10mV): AF1= -7.4± 0.6*pA/pF, n/exp= 34/6; AF2= -6.9±0.5*pA/pF, n/
exp=30/8; CTRL= -4.7± 0.3 pA/pF, n/exp= 52/11. (Bottom)Mean activation and inactivation curves of ICaL current from AF1-CMs, AF2-CMs, and CTRL-
CMs (symbols as in top panel) V1/2 values of activation: AF1= -6.6± 1.2mV, n/exp= 29/6; AF2 = -6.8± 1.0mV, n/exp= 31/8; CTRL= -7.4± 0.5mV, n/
exp=51/11. V1/2 values of inactivation: AF1 = -21.8± 0.7mV, n/exp= 16/6; AF2= -25.4 ±0.8mV, n/exp= 25/8; CTRL= -24.5± 0.5mV, n/exp= 36/11. (D)
Left, examples of calcium transients recorded from AF1-, AF2-, and CTRL-CMs applying the protocol shown. Right, dot blot graphs of the Ca diast, CaT am-
plitude, CaSR, and FR data in the three groups, as indicated. For values see Supplementary material online, Table S5. Data were compared using nested one-
way ANOVA *P< 0.05 vs. CTRL; #P< 0.05 vs. AF2.
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Because of the difference in the L-type calcium current, we evaluated

the presence of calcium-dependent Kþ currents. Application of both
apamin (100 nM), a specific blocker of the SK3 channel and charybdo-
toxin (100nM), a blocker of the BK channel, did not have any effect on
stimulated action potentials, thus suggesting a negligible expression of
these channels (data not shown).

3.8 AF-CMs display larger delayed-after-
depolarizations and an increased number
of ectopic beats under stressful conditions
Finally, we evaluated if the electrophysiological alterations found in
AF-CMs may be pro-arrhythmic by pacing both CTRL- and AF-CMs

at 0.5Hz and superfusing them with isoproterenol (100 nM) and
E4031 (300 nM). This treatment, as expected, caused a significant
prolongation of the APD and eventually the development of
delayed-after-depolarizations (DADs) and/or triggered AP (Figure
7A). In Figure 7B, the proportion of CMs showing DADs, triggered
AP, or the APD prolongation only (no events) for AF1, AF2, and
CTRL-CMs is plotted. A significantly higher percentage of AF cells
displayed triggered AP than CTRL cells, under this stressful condi-
tion (Figure 7B).
Furthermore, even if the proportion of cells with DADs was not dif-

ferent among the three cell populations, on average, DADs from AF1
and AF2 cells had a higher amplitude than those from CTRL cells
(Figure 7C).

Figure 6 Action potential duration is longer in AF-CMs compared to CTRL-CMs. (A) Histograms of the distribution of the APD90 in AF1, AF2, and
CTRL cells, as indicated. Bin size =40ms. (B) Representative action potentials with the shortest (left), average (centre), and longest (right) APD90 recorded
at 1 Hz stimulation in AF1 (top), AF2 (middle), and CTRL (bottom) CMs. Dashed lines indicate the 0mV level.

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

Table 1 Stimulated action potential analysis

APD30 (ms) APD50 (ms) APD90 (ms) MDP (mV) dV/dT APA (mV)

AF1 (n/exp =40/11) 80.2 ±9.4* 105.1 ± 11.2* 137.3 ± 12.7* -55.7 ± 1.4 57.6± 11.9 92.78±3.9

AF2 (n/exp =39/12) 71.2 ±6.7* 92.6 ± 8.2 * 120.6 ± 8.8* -58.8 ± 0.9 46.6± 6.6 93.9 ± 3.4

CTRLs (n/exp= 61/13) 39.9 ± 3.2 52.4 ±3.7 74.1 ± 4.1 -56.9 ± 0.9 41.3 ± 8.4 86.7 ±2.4

Stimulated action potential properties of hiPSC-CMs paced at 1Hz: action potential duration (APD30, 50, and 90), maximum diastolic potential (MDP), slope (dV /dT), and action
potential amplitude (APA) *P< 0.05 by one-way ANOVA.
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4. Discussion

4.1 Whole exome screening reveals a
complex genetic background in the siblings
affected by AF
Although AF is the most prevalent cardiac arrhythmia in the developed
world,18 the pathophysiology of this complex heart rhythm disorder is
still incomplete. The changes leading to the initial occurrence of AF are
still elusive because (i) it is a progressive disease, (ii) human cardiac dis-
eased tissues have undergone extensive remodelling, and (iii) no animal
models fully recapitulate the disease.
The discovery of genetic forms of AF, linked to single gene mutations,
and genome-wide association studies have improved our knowledge of
causative mechanisms underlying AF.1 Monogenic forms of AF are rare
but, since the probability to develop AF increases in the presence of af-
fected relatives,2 a complex genetic background can be hypothesized.
Indeed, we described a family in which three siblings, diagnosed with AF,
share several mutations that can contribute to determine this
arrhythmia.
Among these genes, only ZFHX3 has been previously associated
with AF in GWAS studies.1 Nevertheless, the contribution of the
other cardiac and non-cardiac mutated genes to AF onset is hard to
dissect.

4.2 Generation of functional hiPSC-CMs
overcomes the problems linked to genetic
complexity of the disease
Because of this genetic complexity, an approach based on the evaluation
of the contribution of each single mutation is clearly unfeasible and un-
likely to provide a comprehensive description of the pathology. In order
to estimate the full range of the effects of genetic alterations, we thus
approached the problem from a functional point of view.We decided to
use patient-derived hiPSCs to obtain a human cardiac cell model that
possesses the entire patient’s genetic background. Although the limita-
tion linked to the well-known phenotypic immaturity of hiPSC-CMs,19

these cells have already been widely used to study monogenic forms of
cardiomyopathies and arrhythmias.5 On the contrary, their use for
modelling complex genetic pathologies is a rarely adopted approach.20,21

Here, we analysed for the first-time hiPSC-CMs from patients with a
complex genetic form of AF. It must be emphasized that this model does
not intend to recapitulate either the complexity of the atria or the entire
clinical aspects of the disease but represents a novel tool to understand
the molecular mechanisms underlying excitability alterations in diseased
human CMs.
Because of the lack of healthy controls within the family and the unfea-
sibility to generate isogenic hiPSCs, due to the complex genetic altera-
tions, AF clones were compared with four different lines generated from

Figure 7 AF-CMs are more arrhythmogenic. (A) Representative action potentials in Tyrode (black line) and during perfusion of 100 nM
isoproterenolþ 300nM E4031 (red line) showing no events (top), DADs (middle), and ectopic beats (bottom) recorded from AF2-CMs paced at 0.5 Hz;
dashed lines indicate the 0mV level. (B) Plot of the percentage of cells showing ectopic beats (AF1 7 out of 9/3 cells/exp, 78.8%*; AF2 7 out of 10/3 cells/
exp, 70.0%*; CTRL 7 out of 36/6 cell/exp, 19.5%), DADs (AF1 2 out of 9, 22.2%; AF2 2 out of 10, 20.0%; CTRL 11 out of 36, 30.5%), and no events (AF1 0
out of 9, 0%; AF2 1 out of 10, 10.0%; CTRL 18 out of 36, 50%). (C) Plot of DADs amplitude in AF1-CMs (blue triangles), AF2-CMs (green inverted triangles),
and CTRL-CMs (white circles). Values are AF1= 6.95±0.62* mV, n/exp= 60/3; AF2= 6.73± 0.26* mV, n/exp= 66/3; CTRL= 5.66± 0.16mV, n/exp= 70/6.
Percentage data were compared using Fisher’s exact test, adjusting the P-value with Bonferroni correction. Amplitude data were compared using nested
one-way ANOVA *P< 0.05.
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unrelated healthy controls. These controls were chosen based on differ-
ent variables that could potentially affect the comparison with CMs de-
rived from our patients: sex (female and male), age (middle aged), and
reprogramming procedure (retroviral infection from skin fibroblast and
keratinocyte).
Once established the pluripotency of the clones, we choose those

clones displaying a good cardiac differentiation capacity for further char-
acterization. Our molecular data on the expression of the myosin heavy
and light chain isoforms indicate that hiPSC-CMs are mainly immature/
atrial rather than ventricular cells, independently of the cell line. Because
a certain degree of maturation can be achieved in culture, especially in
the electrical properties,19 we decided to compare the AF and control
lines at an early (15–20days) and at a late stage of differentiation (30–
35days).

4.3 AF-CMs show a high beating rate due
to increased If and ICaL currents
We started to analyse the spontaneous beating rate of small aggregates
and found that AF-CMs beat at a significantly higher rate than those from
the controls, while no differences were found in the other parameters.
Since the beating rate is physiologically modulated by the b-adrenergic/
adenylate cyclase/cAMP pathway and an increase in rate may derive
from an imbalance of this system, we tested the ability of the cells to re-
spond to the b-adrenergic agonist isoproterenol. A saturating concen-
tration of isoproterenol caused similar increases in rate in all the lines
thus excluding differences in intracellular cAMP concentration as a cause
of the higher rate in AF-CMs. AF onset is often associated with elevated
heart rates. A few studies have indeed shown that initiation of post-
operative AF, in patients undergoing coronary artery bypass surgery,
was preceded by a significant increase in sinus rate mediated by either
high levels of circulating norepinephrine22 or by an unbalance of the au-
tonomic tone towards the sympathetic input.23

The funny current is the pacemaker current critical to the initia-
tion and regulation of cardiac pacemaker activity10 and an increase
in its contribution can indeed be arrhythmogenic.24 The expression
of f-channels (HCN1–HCN4) has been demonstrated also in non-
pacemaker cardiac cells and in the working myocardium where it is
abundant during fetal and neonatal life or under pathological con-
ditions.25 We found that the HCN4 gene is the most expressed iso-
form in hiPSC-CMs and is less expressed in AF-CMs than in
control-CMs. Direct recording of the If current from isolated
hiPSC-CMs, however, demonstrated a significant gain of function of
f-channels due to both a rightward shift of the activation curve
(both at early and late differentiation time-points) and an increase
in current density (at later stages of differentiation) in AF compared
to controls. Although molecular and functional data are discordant,
they are in agreement with previous data from Stillitano et al.26

These authors found that mRNA of HCN4 was down-regulated in
chronic atrial fibrillation (cAF) CMs while the protein level tended
to be higher. Although they have found similar current densities,
the cAF cells displayed f-channels with activation curve shifted to
more positive potentials than control cells by about 10 mV,26 simi-
lar to our results.
Since CAV3 is known to interact with HCN413 and it has been already

reported in pluripotent-derived CMs that different expression of CAV3
can shift If activation curve,

14 we analysed the CAV3 expression both at
mRNA and protein levels without detecting any difference between AF
and CTRL groups (Supplementary material online, Figure S4).

A possible contribution of an increased If current to abnormal auto-
maticity in the atrium in paroxysmal AF has been described by Nattel
and Dobrev4 in a recent review.
Our results on L-type calcium current seem to be less in accordance

with the evidence that AF induces a reduction of calcium currents.
Indeed, atrial CMs derived either from patients with AF or from animal
models of fast atrial pacing show a significant reduction of the effective
refractory period (ERP) and of the ICaL current, compared to con-
trols.4,27 The reduction of calcium current and ERP seems, however, the
consequence rather than the cause of AF and is attributable to the mal-
adaptive remodelling of atrial tissue. In support of a role of an increased
ICaL to AF, a few studies have shown that an initial calcium overload can
be the stimulus that triggers maladaptive changes in atrial protein expres-
sion, based on the evidence that the calcium blocker verapamil prevents
such remodelling.28,29

Albeit the magnitude of ICaL density has not been regularly associated
with a higher probability to develop post-cardiac surgery AF,30 it is inter-
esting to note that Van Wagoner et al.27 have shown that patients in si-
nus rhythm who developed AF following cardiac surgery had a
significantly higher pre-operative ICaL density than those that did not ex-
perience post-operative AF. This observation, together with our data
showing that CMs from AF patients display an ICaL twice as big as that of
controls, is consistent with the concept that calcium overload may be an
important factor in the initiation of AF, while ICaL depression is a conse-
quence of AF.

4.4 AF-CMs display a prolonged APD and
an increased susceptibility to arrhythmic
activity
Despite the lack of any evident modulation of specific calcium channel
isoforms, many mechanisms may contribute to an increased ICaL current
such as, for example: miRNA-mediated modulation of expression,31 al-
tered channel trafficking/recycling,32 channel oligomerization,33 and
modulation by accessory subunits.34 The observed increase of the in-
ward calcium current not accompanied by a counterbalancing increase
in outward currents is expected to prolong the APD. Indeed, Sato
et al.35 has shown that an increased cooperative gating of L-type calcium
channels increases current density and causes APD prolongation, in in sil-
ico experiments. Despite the large variability in APD duration typical of
the CMs derived from hiPSCs (Figure 6),17 we observed a significant pro-
longation of the APD in paced AF-CMs compared to controls. Usually,
variability in APD is decreased by dividing CMs in nodal-, atrial-, and
ventricular-like cell based on the slope of fast depolarization and APD
ratio.15,16 In our specific case, the selection of the cardiac cell type using
the criteria based on the APD ratio is not applicable since APD is in fact
exactly the parameter which is altered in AF-CMs, according to our
results.
Although data on calcium handling do not indicate a significant instabil-

ity of the SR, at least under ‘basal’ conditions (fixed stimulus duration and
Tyrode solution), this situation may, however, be quite different in a sce-
nario in which calcium dynamics are affected by the duration of the ac-
tion potential and/or under the prevalence of sympathetic tone. It is
known from the literature, for example, that the catecholamine-
mediated trigger for inducing AF involves a significant increase of atrial
ICaL.

36 In agreement with this situation, our data on paced cells show that
under stressful conditions (isoproterenolþ E4031) AF-CMs are signifi-
cantly more prone to generate arrhythmic events than CTRL-CMs, as in-
dicated by larger DADs that more easily give rise to ectopic beats. The
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.underlying mechanism may be related to the very long action potential
during b-adrenergic stimulation in AF-CMs in which the contribution of
ICaL become more relevant than in CTRL-CMs. Together, our data sug-
gest that the increase in ICaL and in If current are likely to be the trigger
for the initiation of AF.

4.5 Study limitations
Because sibling’s parents are deceased, and their sons/daughters are still
too young for ruling out AF, we could not derive hiPSCs from healthy
relatives. We bypassed this limitation by comparing data with those
obtained from at least three unrelated healthy controls, which displayed
similar results among them. At the time we started to collect data, no
protocols for selecting specifically atrial-like hiPSC-derived CMs were
available. However, even if we did not select a specific hiPSC-CM atrial
subpopulation, and despite the fact that the arrhythmogenesis due to a
gain of function of inward currents can be more easily demonstrated in
hiPSC-CMs lacking IK1, we believe that the changes observed in If and
ICaL could induce triggered automaticity also in vivo, specifically in the
atria, due to the fact that the adult atrium shows a significantly lower
conductance than ventricle, near the resting potential.3,37

5. Conclusions

In conclusion, we provide in the present work the first demonstration
that hiPSCs can be used as a cellularmodel of a human cardiac pathology
with a complex genetic background. Independently of the genetic altera-
tions, we demonstrated that hiPSC-CMs from two sisters with AF show
a higher spontaneous rate of contraction and a gain of function of both
the If and the ICaL currents relative to CMs derived from any of four con-
trol individuals. We suggest that the increase of these depolarizing cur-
rents and other still unknown factors can contribute to the induction of
abnormal automaticity in atrial cells and can thus be the triggering event
of this specific type of AF.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
This is the first time a human cellular model of atrial fibrillation (AF), based on the analysis of iPSC-derived cardiomyocytes from patients, is presented.
Comparing cells from two sisters of a family with a complex genetic form of AF with those from healthy controls, we found peculiar alterations in
two ion currents potentially involved in AF aetiology. Despite progresses in the management of AF, efficacy in maintaining sinus rhythm is modest.
Human-based models elucidating the molecular mechanisms underlying AF will help define the best therapeutic approach. We propose to personal-
ize AF therapy based on functional alterations found in patient-specific cardiomyocytes.
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