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ABSTRACT

Cardiovascular diseases (CVDs) are the leading cause of death in the world. A relevant
proportion of patients with CVDs develop arrhythmias and some of these arrhythmias
can lead to sudden cardiac death. Aging is a major risk factor for CVDs, in general,
and arrhythmias, in particular. In the heart, aging is associated with molecular
and cellular changes that eventually lead to structural and functional remodeling.
Numerous mechanisms are involved in age-related alterations of the heart, including
genomic instability, loss of proteostasis, cellular senescence, extracellular matrix
remodeling, altered intercellular communication and gene expression, among others.
Most studies on cardiac aging have been conducted in animal models of limited
translational value, being human research scant and mostly cross-sectional in nature
due to inherent limitations associated with human research.

In addition, cardiac aging is mostly addressed in relation to chronological age
(CA), a mere time index that does not account for the individual aging rate and,
thus, does not necessarily explain the biological condition of an individual or an organ.
The biological age (BA) of an organ, perceived as its actual structural and functional
state, comprises both genetic and environmental factors acting together over time.
An improvement in the knowledge regarding the molecular and cellular mechanisms
involved in human cardiac aging along with the development of longitudinal human-
based models of cardiac aging could advance the development of non-invasive tools
for the early detection and the prevention of age-related arrhythmias.

This thesis investigates aging hallmarks in the human left ventricle (LV) by com-
bining molecular and histological analysis of LV samples from living donors with in
vitro and in silico methodologies. The studied age-related cardiac mechanisms are
gene expression, with a focus on miRNAs (key pleiotropic post-transcriptional regu-
lators), fibrosis deposition and CX43 remodeling. Taking the conducted experimental
characterizations as a basis, in vitro and in silico models are created to further in-
vestigate the impact of aging on the human heart.

Chapter 2 studies the transcriptional dynamics of the aging myocardium in
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relation to CA and BA, with a focus on miRNAs as key regulators of gene expression.
This thesis proves the potential of CDKN2A and AppAge as LV transcriptomic BA
descriptors and shows they perform better than CA to unveil age-related changes in a
cross-sectional study. Based on CKDN2A-related results, a bioinformatics LV-specific
gene regulation network controlled by BA-related miRNAs provides new insights into
the potential mechanisms regulated by miRNAs in age-induced LV impairments. Also,
two LV-enriched BA-related miRNAs present in plasma are proposed as potential
non-invasive blood biomarkers of the aging myocardium.

Chapter 3 characterizes LMNA and progerin mRNA expression in human my-
ocardium from midlife onwards and develops and characterizes a progerin mRNA
inducible-expression hiPSC line under the hypothesis that progerin mRNA-induced
premature aging can recapitulate fundamental aspects of natural cardiac aging. This
thesis rules out LMNA ∆50 as a major contributor to natural cardiac aging, while the
progerin mRNA inducible expression in hiPSC-derived cardiomyocytes recapitulates
the hallmarks of aging and gene expression changes observed in physiological aging.

Chapter 4 analyzes collagen remodeling (amount, aggregation and spatial distribu-
tion) beyond midlife in human LV tissue in relation to CA and BA. Complementarily,
the same analysis is performed in a clinically relevant animal model, namely the pig,
from adulthood to elder age. From midlife onwards, changes in collagen character-
istics are shown to have a poor relationship with CA but to be more closely related
to the values of the age pigment lipofuscin. Consistency between pig and human
results supports the pig as a relevant and translational model to study age-related
LV remodeling. The outcomes of the experimental analysis are integrated into in sil-
ico models of human LV electrophysiology to assess the arrhythmic effect of fibrosis
remodeling. Alterations in both the amount and the organization of fibrosis to the
degrees observed in old individuals are shown to enhance arrhythmia vulnerability.

Chapter 5 characterizes CX43 remodeling (content, expression level, heterogeneity
and lateralization) and its relationship with fibrosis in the human LV beyond midlife.
Characterizations are conducted in relation to CA and BA. Non-significant CX43
remodeling beyond midlife either by CA or BA is found in the analyzed population.
Also, there is absence of correlation between CX43 characteristics and fibrosis depo-
sition. In silico LV tissue models of human ventricular electrical activity are built,
which account for the CX43 and fibrosis characteristics quantified in the study pop-
ulation. Simulation results show that a reduction in the amount of CX43 and/or an
increment in CX43 spatial heterogeneity combined with higher levels of fibrosis, as
quantified in some individuals, lead to increased proarrhythmic risk, with increased
spatial dispersion of repolarization and widening of the temporal window for reentrant
arrhythmias triggered by premature beats.
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In conclusion, this thesis provides: a thorough experimental characterization
of human cardiac aging hallmarks in relation to CA and BA; quantification of
the risk for ventricular arrhythmias associated with the analyzed hallmarks based
on biophysically detailed in silico modeling and simulation; and the creation and
characterization of an in vitro model of cardiac cellular aging. This thesis illustrates
the importance of using integrative interdisciplinary research to generate new insights
into human cardiac aging, which can be the basis for future strategies towards healthy
cardiac aging.
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RESUMEN Y CONCLUSIONES

Las enfermedades cardiovasculares (ECV) son la principal causa de muerte a nivel
mundial. Una proporción relevante de pacientes con ECV desarrollan arritmias,
algunas de las cuales pueden conducir a la muerte cardiaca súbita. El envejecimiento
es uno de los principales factores de riesgo de las ECV, en general y de las arritmias
en particular. En el corazón, el envejecimiento se asocia a cambios moleculares y
celulares que acaban provocando un remodelado estructural y funcional. Entre las
alteraciones cardiacas asociadas a la edad se encuentran la inestabilidad genómica, la
pérdida de proteostasis, la senescencia celular, el remodelado de la matriz extracelular,
la alteración de la comunicación intercelular y la expresión génica, entre otros. La
mayoría de los estudios de envejecimiento cardiaco se han realizado en modelos
animales, de limitado valor traslacional, siendo la investigación en humanos escasa
y de naturaleza mayoritariamente transversal debido a las limitaciones inherentes
asociadas a la investigación en humanos.

Además, el envejecimiento cardiaco se realiza sobre todo en relación a la edad
cronológica (EC), un índice temporal que no tiene en cuenta la tasa de envejecimiento
individual y, por tanto, no explica necesariamente el estado biológico de un individuo
o un órgano. La edad biológica (EB) de un órgano, percibida como su estado
estructural y funcional real, comprende factores genéticos y ambientales que actúan
conjuntamente a lo largo del tiempo. Un conocimiento más profundo sobre los
mecanismos moleculares y celulares implicados en el envejecimiento cardiaco humano,
junto con el desarrollo de modelos longitudinales de envejecimiento cardiaco humano,
podrían impulsar el desarrollo de herramientas no invasivas para la detección precoz
y la prevención de arritmias asociadas a la edad.

Esta tesis investiga los rasgos distintivos del envejecimiento en el ventrículo
izquierdo (VI) humano mediante el análisis molecular e histológico de muestras de VI
de donantes vivos combinado con metodologías in vitro e in silico. Los mecanismos
cardiacos relacionados con la edad estudiados en la tesis son la expresión génica,
con especial atención a los miRNAs (reguladores pleiotrópicos postranscripcionales)
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y el remodelado de la fibrosis y CX43, siendo esta última un componente principal
de las uniones GAP en el VI humano. Tomando como base las caracterizaciones
experimentales realizadas, se han creado modelos in vitro e in silico para avanzar en
el estudio del impacto que el envejecimiento tiene en el corazón humano.

El capítulo 2 estudia de manera transversal la dinámica transcripcional del mio-
cardio envejecido en relación con la EC y la EB, centrándose en los miRNAs como reg-
uladores clave de la expresión génica. Esta tesis demuestra el potencial de CDKN2A
y AppAge como descriptores transcriptómicos de EB del VI además de su capacidad
para revelar cambios asociados a la edad de una forma más precisa que la EC. So-
bre la base de los resultados relacionados con CKDN2A, se ha construido una red
bioinformática de regulación génica específica del VI controlada por miRNAs rela-
cionados con la EB (BIO-AGEmiRNA) que proporciona nuevos conocimientos sobre
los posibles mecanismos regulados por miRNAs en el deterioro del VI inducido por la
edad. Además, se proponen dos BIO-AGEmiRNAs relacionados con el VI que están
presentes en plasma y son, por tanto, posibles biomarcadores sanguíneos no invasivos
del miocardio envejecido.

El capítulo 3 caracteriza la expresión de LMNA y progerin mRNA en el miocardio
humano a partir de la mediana edad y desarrolla y caracteriza una línea hiPSC de
expresión inducible de progerin mRNA bajo la hipótesis de que el envejecimiento
prematuro inducido por progerin mRNA puede recapitular aspectos fundamentales
del envejecimiento cardiaco natural. Esta tesis descarta que la progerin mRNA
intervenga en el envejecimiento cardiaco natural, mientras que la expresión inducible
de progerin mRNA en cardiomiocitos derivados de hiPSC recapitula rasgos distintivos
del envejecimiento y cambios en la expresión génica observados en el envejecimiento
fisiológico del corazón humano.

El capítulo 4 analiza el remodelado del colágeno (cantidad, agregación y distribu-
ción espacial) a partir de la mediana edad en el VI humano en relación a la EC y
la EB. De forma complementaria, se realiza el mismo análisis en un modelo animal
clínicamente relevante, el cerdo, desde la edad adulta hasta la vejez. A partir de
la mediana edad, los cambios en las características del colágeno muestran una es-
casa relación con la EC, pero están estrechamente relacionados con la cantidad de
lipofuscina o pigmento de la edad. La consistencia entre los resultados en cerdos
y en humanos destaca el valor del cerdo como modelo relevante y traslacional para
estudiar el remodelado del VI en función de la edad. Los resultados de la caracteri-
zación experimental se han integrado en modelos in silico de electrofisiología del VI
humano de manera paciente-específica para evaluar el efecto arrítmico de la fibrosis.
Esta tesis demuestra que las alteraciones con la edad tanto en la cantidad como en la
organización de la fibrosis aumentan la vulnerabilidad a las arritmias.
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El capítulo 5 caracteriza el remodelado de la CX43 (contenido, nivel de expresión,
heterogeneidad y lateralización) y su relación con la fibrosis en el VI humano a partir
de la mediana edad en función de la EC y la EB. En la población analizada, no se
observa un remodelado significativo de las características relativas a CX43 a partir
de la mediana edad, ni por EC ni por EB. Además, no existe correlación entre las
características de la CX43 y la deposición de fibrosis, en contraste con observaciones
en modelos animales. Se han construido modelos tisulares computacionales de la
actividad eléctrica ventricular humana, que representan los datos obtenidos. Los
resultados de la simulación muestran que una reducción en la cantidad de la CX43
y/o un incremento en su heterogeneidad espacial combinados con mayores niveles
de fibrosis, como se cuantifica en algunos individuos, conducen a un aumento del
riesgo proarrítmico determinado por un incremento de la dispersión espacial de
la repolarización y una ampliación de la ventana temporal en la que se producen
arritmias por reentrada desencadenadas por latidos prematuros.

En conclusión, esta tesis aporta una caracterización experimental exhaustiva de los
rasgos distintivos del envejecimiento cardiaco humano en relación con la EC y la EB;
la cuantificación del riesgo de arritmias ventriculares asociado a los rasgos distintivos
analizados, basada en modelizaciones y simulaciones computacionales biofísicamente
detalladas; y la creación y caracterización de un modelo in vitro de envejecimiento
celular cardiaco que recapitula cambios observados experimentalmente en humanos.
Además, esta tesis demuestra la importancia de la investigación interdisciplinar
e integradora para generar nuevo conocimiento sobre el envejecimiento cardiaco
humano, que puede ser la base para futuras estrategias que lleven a un envejecimiento
cardiaco saludable.
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CHAPTER 1

INTRODUCTION

1.1 Aging and cardiovascular diseases

Cardiovascular diseases (CVDs) are the leading cause of death in the world. CVDs
cause 3.9 million deaths in Europe every year. In 2015, more than 85 million people
in Europe were living with CVDs. The estimated cost of CVDs to the European
Union economy is approximately e 210 billion per year, with 53% of this cost being
due to healthcare expenditure, 26% to productivity losses and 21% to the informal
care of CVD patients [1]. CVDs include valve disease, coronary artery disease, heart
failure or stroke, among others. A relevant proportion of patients with CVDs develop
arrhythmias and some of these arrhythmias can lead to sudden cardiac death. Cardiac
arrhythmias comprise different disorders altering heart rate and rhythm and are due
to abnormalities in electrical impulse generation, impulse propagation or both. Based
on their origin, arrhythmias are classified as either supraventricular (originating at
or above the atrioventricular (AV) node) or ventricular (originated in the ventricles).
Reentrant arrhythmias are self-sustaining cardiac rhythm abnormalities in which the
electrical signal propagates in a way analogous to a closed-loop circuit. These reentries
occur when the impulse cannot follow its normal propagation route and re-excites the
heart after the refractory period, i.e., the time interval during which the cardiac cell
cannot initiate another action potential (AP), with the AP being is the electrical
response of cardiac cells to a stimulus [2, 3].

The most relevant behavioral factors for developing CVDs are unhealthy eating,
smoking, sedentarism and alcohol. The effects derived from these factors lead to in-
creased blood pressure, augmented blood glucose, higher blood lipids, overweight and
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obesity [4]. Aging is a principal risk factor for many human diseases including can-
cer, neurodegenerative disorders, diabetes or CVDs [5]. Aging is the accumulation of
molecular and cellular damage over time that leads to a progressive loss of functional
integrity. Age-associated changes are not constant and are only partially related to
a person’s age, since aging is also influenced by other factors such as environment,
genetics and lifestyle [4].

In particular, cardiac aging is associated with molecular and cellular changes that
eventually lead to structural and functional remodeling of the heart. Aging involves
multiple mechanisms, including mitochondrial dysfunction and increased production
of reactive oxygen species (ROS), genomic instability, epigenetic changes, loss of
proteostasis, cellular senescence, cardiac extracellular matrix remodeling, altered
intercellular communication and gene expression deregulation (Figure 1) [5, 6].

Figure 1. Hallmarks of aging. Extracted from [7].

Most studies addressing cardiac aging have been conducted in animal models with
the difficulties of subsequently translating results to humans. A better understanding
of the molecular and cellular mechanisms involved in human cardiac aging could
help in the development of non-invasive tools for the early identification of risk
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for age-related cardiac disease or to create preventive treatments of age-associated
effects. On this basis, this thesis characterizes hallmarks of aging in the human left
ventricle (LV) and uses the experimental characterizations to build and calibrate
computational models of human cardiac electrophysiology and assess the effects on
ventricular function of the characterized age-related alterations. Also, this thesis
develops and validates an in vitro model of human cardiac accelerated aging to allow
translational mechanistic research. The final goal is to generate new insights into
human cardiac aging and new tools to improve diagnosis, prevention and treatment
of age-related CVDs. To contribute to this goal, this thesis proposes an integrative
interdisciplinary approach that combines ex vivo, in vitro and in silico methodologies.

In the following sections, a general introduction to the general mechanisms un-
derlying aging and the specific ones associated with cardiac aging is presented. Next,
the heart and its electrical activity are described. Subsequently, an overview of in
silico electrophysiological models is presented, with details provided for the two AP
models used in this PhD thesis: the O’Hara-Virág-Varró-Rudy human ventricular car-
diomyocyte model [8] and the MacCannell mammalian ventricular fibroblast model
[9]. These two in silico models are used here to assess the effects that age-related
hallmarks of cardiac aging have on conduction velocity (CV), AP duration (APD)
and proarrhythmicity. A general review of other natural and induced ex vivo and in
vitro models of aging and the description of biological age and the indicators used to
determine it are provided next. The chapter ends with the goals and the outline of
the thesis.

1.2 Aging mechanisms

1.2.1 Mitochondrial dysfunction and reactive oxygen species

Mitochondria are fundamental in numerous cellular processes such as fatty acid ox-
idation, regulation of programmed cell death, biosynthetic pathways, cellular redox
homeostasis, urea cycle or adenosine triphosphate (ATP) production via oxidative
phosphorylation [10]. They are dynamic organelles that continuously experience fu-
sion and fission mechanisms, whose rate depends on cellular stress levels and energy
demands. Mitochondria are the main ATP supplier for cardiomyocyte contraction
and homeostasis maintenance, which makes the heart particularly susceptible to mi-
tochondrial malfunctioning. In addition to this role, mitochondria are also funda-
mental for regulating cardiomyocyte survival and death [11]. Animal models have
shown contradictory results regarding the age-dependent evolution of the quantity
of cardiac mitochondria. Some studies reported an unaltered quantity [12], whereas
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others reported a reduction [13, 14]. The characterization of cardiac mitochondria
morphology in aged animals has shown them to be rounder and to have a reduced
inner membrane with respect to young animals [15].

Several theories have postulated a distinct cause for aging beyond inflammation
[16] and the immune system [17], with mitochondria malfunctioning being one of
the main candidates, featuring in the so-called free radical theory [18] and the
mitochondrial DNA theory [19, 20]. Many studies have focused on the free radical
theory, particularly the mitochondrial free radical theory, which associates ROS
production and the resulting damage with aging [18]. The other mitochondrial
theory also postulates increased ROS production, but mutations in mitochondrial
DNA are considered the aging inductor. Mitochondrial DNA has a high mutation
rate, but limited repair capacity. Therefore, these mutations accumulate with age
and alter mitochondrial genome integrity, leading to impaired mitochondrial function
and ultimately to augmented ROS synthesis [19, 20]. Although further investigation
of these aging theories is warranted, it is unquestionable that mitochondria are
essential, particularly in the heart, to maintain homeostasis. During cardiac aging,
mitochondrial dysfunction is usually associated with augmented production of ROS,
decreased mitochondrial activity, altered mitochondrial quality control processes and
reduced mitophagy [10].

Cells produce ROS such as superoxide anion or hydrogen peroxide at low levels,
but constantly since they are necessary for several physiological functions. In the
mammalian heart, aging and age-related diseases cause an increase in ROS generation
[21, 22], which paves the way for malfunctions and a higher cell-susceptibility to injure,
diminished stress tolerance or decreased energy deposit [23]. Besides, oxidative stress
is profibrotic in cardiac tissue as NOX2-derived ROS are fundamental in cardiac
fibrosis development. ROS are particularly relevant in the progression of myocardial
infarction, atherosclerosis and heart failure [24].

1.2.2 Genomic instability and telomere damage

Endogenous components (e.g., reactive oxygen and nitrogen species) and environmen-
tal factors (e.g., carcinogens, chemical mutagens and radiation) trigger DNA dam-
age. Cells are constantly exposed to many of them. DNA damage from deamination,
alkylation, spontaneous hydrolysis of glycosidic bonds or oxidation is corrected by
the base excision repair machinery. For bulky DNA lesions in mammal cells caused
by chemical mutagens or ultraviolet light, nucleotide excision repair machinery is the
foremost pathway involved. The most genotoxic DNA lesions encompass single and
double-strand DNA breaks (DSBs) [25].
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DSBs take place when the two DNA strands are broken with enough closeness
to affect the linear continuity of the genome [26]. DSBs can be originated from
genotoxic compounds, ionizing radiation, replication stress or ROS, and they can
activate senescence, death or both processes as they are associated with genomic
instability and chromosomal rearrangements [25]. Wherever a DNA lesion takes
place, the DNA damage response is activated to fix it. The phosphorylation of the
C-terminal of the core histone protein H2AX, named γ-H2AX when phosphorylated,
is one of the first responses to these DNA breaks [27]. The phosphorylation of H2AX
has broadly been used as a marker of DNA damage and reported in many aging
studies [26, 28].

Using natural and accelerated mice models of aging, De Majo and colleagues
reported that in natural aging the heart is not associated with accumulation of mu-
tations in contrast to other organs such as liver or spleen [29]. These results support
the idea than tissues accumulate mutations at different rates. Besides, in transgenic
mice, it has been shown that the old heart is associated with large genome rear-
rangements rather than point mutations [30]. Studies in humans, and particularly
regarding human aging, are scarce. Nevertheless, increased DNA damage and DNA
damage response in CVDs has been reported. In particular, DNA damage accumu-
lation was reported to be positively correlated with the severity of atherosclerosis
in human coronary artery disease [31] and atherosclerotic plaques showed increased
DNA damage, including DSBs, and DNA damage response proteins [32, 33].

Telomeres are repetitive DNA sequences that do not encode for any gene and that
protect the ends of eukaryotic chromosomes. Telomeres shorten with each successive
cell division, ultimately altering the protective cap, paving the way for sustained
DNA damage response and triggering the senescence program [29, 30]. Replication-
induced telomere attrition is an aging hallmark, however, shortly after birth the heart
loses its proliferative capacity. Thus, other mechanisms than replication might cause
telomeric damage in the heart. Indeed, Anderson and colleagues [29] demonstrated
that in seldom dividing post-mitotic cells, like cardiomyocytes, the damage induced
in telomeres is length-independent.

1.2.3 Epigenetic modifications

Epigenetic alterations comprise all the modifications in gene expression without
changing the DNA sequence. The main mechanisms are DNA methylation and histone
post-transcriptional modifications: ubiquitination, methylation, phosphorylation and
acetylation. Mammal DNA methylation implies the addition of a methyl group to the
5-carbon of the cytosine ring. These CpG dinucleotides are not frequently found in the
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genome, but they are mainly present in specific gene promoters and their surrounding
areas. The presence of the methyl group blocks transcription [31]. DNA methylation
is vital in many functions such as genomic imprinting, differentiation, development
and X-chromosome inactivation. For that reason, it is one of the most studied
epigenetic modifications. Over the last few years several studies have suggested a
relation between DNA methylation and different pathologies [32, 33] cancer being the
most studied one [34].

Chromatin is a complex composed of DNA and proteins. The fundamental chro-
matin unit is the nucleosome, which is formed by eight histones (each of them being
either H2A, H2B, H3 or H4) surrounded by 147 base-pairs of DNA [35]. The degree
of chromatin condensation and therefore gene expression is defined by the interac-
tion between histones and DNA. Each nucleosome has at least 30 possible sites to be
modified and there are six different modifications: sumoylation, methylation, proline
isomerization, phosphorylation, acetylation and ubiquitination, so the number of reg-
ulatory combinations is high [31]. Chromosomes have two structural and functional
different states: heterochromatin and euchromatin. Heterochromatin is a transcrip-
tionally silent, highly condensed packaging of a low number of genes; euchromatin
is easily transcribed, less condensed packing of a high number of genes. Heterochro-
matin and euchromatin entail different nucleosome modifications. Heterochromatin
has increased hypoacetylated histones and H3K9 methylation. On the other hand,
euchromatin is characterized by acetylation of H3 and H4 histones and H3K4 methy-
lation [36] (Figure 2).

Aging has been associated with some epigenetic marks such as decreased H3K27
trimethylation and H3K9 methylation or augmented H3K4 trimethylation, H4K16
acetylation and H4K20 trimethylation [5, 37, 38]. In cardiac aging, loss of repressive
marks and gain of active marks have been reported. Some studies suggested that
these effects might lead to activation of genes promoting aging programs, deleterious
activation of repetitive sequence and augmented transcriptional noise [39]. Cardiomy-
ocytes isolated from failing mouse hearts shared methylation patterns with neonatal
mice [40]. However, it is unclear whether changes in the epigenetic patterns return to
an embryonic stage or merely shift to open chromatin. This is because the knowledge
of epigenetic regulation in cardiac aging is still incomplete. Furthermore, many in-
vestigations have concentrated on epigenetic changes associated with CVDs and not
with the aging process itself, therefore further studies are required to elucidate this
process [39].
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Figure 2. Chromatin inactivation by DNA methylation and histone deacetyla-
tion. Extracted from [32].

1.2.4 Loss of cellular proteostasis

Cellular components are constantly being renewed, with damaged organelles and
biomolecules being replaced with new functional structures. Correct cell function-
ing requires a balance between the synthesis of new proteins and the degradation of
the misfolded and old ones. This balance is known as proteostasis [41]. A series of
processes regulates proteostais by controlling protein concentration, folding, interac-
tion and localization from synthesis to degradation. Proteasome and autophagy are
the main clearance mechanisms to maintain proteostasis. The ubiquitin-proteasome
system is a complex machinery that uses ubiquitination to target unfolded and prote-
olyzed proteins for degradation. In the proteolysis mediated by autophagy, proteins
are cleared in the lysosome. At first, this process was considered to be non-selective,
but chaperons and other cargo-recognition proteins, including ubiquitins, are also
responsible for specifically identifying and degrade proteins. Keeping this balance
during aging is challenging as these mechanisms decline and give rise to the accumu-
lation of damaged proteins [42]. This altered proteostasis is common to numerous
age-related diseases: Parkinson [43], Huntington [44] or Alzheimer [45].

Cellular components that more frequently accumulate with age are damaged mi-
tochondria, protein aggregates and lipofuscin. Lipofuscin is a fluorescent pigment
composed of proteins, lipids and carbohydrates which cannot be degraded and accu-
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mulate during aging, particularly in brain and cardiac tissues [41]. Different studies
have reported its relation with age in animal [46, 47] and human cardiac tissue [48]
[49]. For that reason lipofuscin is considered an age pigment [50].

1.2.5 Cellular senescence

Cellular senescence implies cell cycle arrest that reduces the tissue regeneration
capacity and leads to inflammation and pathological tissue remodeling. This process
is mediated by cell cycle inhibitory tumor suppressor pathways p53-p21 and p16
[51, 52]. Cellular senescence is believed to have developed to avoid accumulation
of damaged cells that can therefore become cancerous. Nevertheless, senescent cells
accumulation is detrimental as these cells directly and indirectly harm the neighboring
cells [53]. Senescent cells have a specific senescence-associated secretory phenotype
(SASP) that secretes proteins, cytokines, chemokines, growth factors and proteases
to the tissue microenvironment. SASP cells act autocrinally by reinforcing their own
cellular senescence and paracrinally by triggering the senescence of nearby cells [54,
55]. It has been reported that senescent cells briefly emerge during organ development
in mammals, in which SASP factors participate in the activation of the differentiation
of the surrounding cells and elimination of unnecessary cells [56]. The repair of
damaged tissues is another important physiological function performed by SASP. For
example, SASP factors secreted by fibroblasts in harmed tissues enlist immune cells
to remove damaged tissue and trigger skin progenitor proliferation to generate new
skin [57]. However, SASP factors have also pernicious effects as they contribute to
inflammation and cancer [56].

As cardiomyocytes are terminally differentiated cells, cell cycle arrest is not the
main hallmark of senescence. However, cardiac senescent cells express SASP (tumor
growth factor beta, tumor necrosis factor alpha, growth and differentiation factor 15
and interleukins, among others) for controlling non-myocyte cells of the surround-
ing microenvironment as well as promoting cardiac malfunctioning and remodeling.
Senescent cardiomyocytes accumulate with age and result in chronic inflammation
and functional abnormalities as well as in altered intercellular communication [51,
52].

1.2.6 Cardiac extracellular matrix remodeling

The cardiac extracellular matrix (ECM) is an intricate structure that accommodates
various cell types, including cardiomyocytes, cardiac fibroblasts, cardiac vascular cells
and smooth muscle cells. The principal components of the ECM are: i) adhesive pro-
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teins: fibronectin, collagen IV and laminin; ii) anti-adhesive proteins: osteopontin,
thrombospondin and tenascin; iii) proteoglycans; and iv) structural proteins: elastin
and collagen [58]. ECM has a structural function conferring strength, stiffness and
support, but it also accommodates several proteins, transfers mechanical forces to
myocardial fibers and takes part in effective cardiac activity by myocyte alignment
and blood flow control during contraction and compliance. ECM homeostasis de-
pends on the equilibrium between metalloproteinases (MMPs) and tissue inhibitors
of metalloproteinases (TIMPs). Alterations in this balance can lead to abnormal car-
diac function [59, 60]. MMPs comprise more than 20 proteins. Most of them are
inactive enzymes that are activated in the ECM to degrade proteins. Four kinds of
TIMPs that hinder the excessive MMP degradation of proteins have been identified
[59].

The different ECM components are synthesized by different heart cells: collagen
IV, by cardiomyocytes and endothelial cells; collagen I, collagen III and fibronectin,
by fibroblasts and smooth muscle cells; laminin, by endothelial cells, cardiomyocytes
and smooth cells. Cardiac structure and functionality are highly dependent on the
ratio of ECM proteins, and therefore affected by any changes thereto. Among other
ECM fundamental functions, proteoglycans and glycoproteins maintain the geometry
of the heart. Collagen is the most abundant element [59].

Five collagen types have been identified so far in the heart (I, III, IV, V, and VI).
All except collagen V are highly relevant for the cardiac system. Collagen I and III
prevent blood vessels deformation, maintain tissue structure and constitute more than
the 90% of the total collagen. The basal lamina is comprised of collagen IV and VI
[58]. Collagen is fundamental for the proper function of the heart and its remodeling
can trigger cardiac malfunctioning. In multiple organs, such as pancreas [61], kidney
[62, 63], lung [64] and liver [65, 66], progressive fibrosis is a hallmark of aging. In the
heart, there is an age-related accumulation of collagen in the cardiac interstitial and
perivascular space as well as in the vascular wall that paves the way for myocardial
and arterial compliance [67]. Studies using animals have reported increased cardiac
fibrosis accumulation in mice [68–70] and dog [71]. This age-related deposition has
also been reported in humans, namely in LV [72, 73] and in the right atrium [74, 75].

Excessive fibrosis accumulation hinders electrical coupling and can contribute to
arrhythmia generation [76]. Both collagen amount and texture are relevant for the
electrical impulse propagation [77]. Fibrosis is classified as replacement fibrosis or
reactive fibrosis [78]. Replacement fibrosis takes place to maintain the structure of
the myocardium after removal of dead myocytes. It is normally associated with
compact or patchy fibrosis and usually occurs due to chronic pressure overload or
after an infarct. Compact fibrosis refers to whole areas being replaced by fibrosis,
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and patchy fibrosis to areas where fibrosis is intermingled with myocardial cells.
Surprisingly, compact fibrosis is less arrhythmogenic as re-entries can only occur
around the fibrosis area [79], which is not often observed, whereas patchy fibrosis
can cause large conduction delays due to zig-zag conduction between bundles, thus
more frequently leading to arrhythmias [80]. The term reactive fibrosis is used when
fibrosis synthesis is faster than its degradation, but there is not a loss of viable
cardiomyocytes. It can be classified as diffuse and interstitial. Several factors can
activate this process such a phenotypical switch from fibroblast to myofibroblast,
changes in gene expression or aging, among others. Diffuse fibrosis resembles the
patchy one, but collagen strands are shorter and its degree of arrhythmogenicity
is also lower, whereas interstitial fibrosis is located between individual cells and its
excess results in reduced electrical coupling [81, 82].

1.2.7 Altered intercellular communication

Gap junctions (GJs) are intercellular structures that connect two adjacent cells
allowing electrical coupling and the exchange of small molecules, ions or metabolites
with a size of approximately 1 kDa. A GJ is comprised of two hemi-channels, named
connexons, each of them belonging to one of the two adjoining cells. Each connexon
consists of six proteins, called connexins, and connects with the connexon of the
neighboring cell to assemble a functional channel in the intercellular space (Figure
3). There are three main connexin isoforms expressed in cardiomyocytes: Connexin
40, Connexin 45 and Connexin 43 (Cx43), the latter being the most expressed one in
ventricular cardiomyocytes [83]. GJs along with adherens junctions and desmosomes
are placed in the intercalated disks at the longitudinal cell edges between two cells
[82]. A reduction in CX43 between intercalated disks has been reported in patients
with different cardiac pathologies including coronary artery disease, idiopathic dilated
cardiomyopathy or Naxos disease [84–88]. Besides, other studies have reported a
redistribution of CX43 in patients with cardiac diseases [89–91].

Little is known about the relationship between aging and Cx43 quantity and
spatial remodeling in the heart. The few available studies have been conducted mostly
in small animal models. These studies have shown divergent results depending on
animal species and age groups. In mice, a significant decrease of Cx43 in the LV was
reported for old animals as compared to young ones [92]. Also, a decrease in Cx43 at
the LV was described in middle-aged mice compared to young mice [93]. In rabbits,
the proportion of lateral membranes of ventricular myocytes positively stained for
Cx43 was significantly larger in aged versus young rabbits, which was accompanied by
a non-significant increase in the percentage of polar membranes positively stained for
Cx43 [94]. In hamsters, Cx43 content showed to be low in young animals, significantly
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higher in adults and low in old animals [95]. In rats, studies reported a decrease in
Cx43 content in aged versus adult animals [96] and diminished Cx43 content in adult
versus young animals [97]. In humans, however, studies on the effect of age on CX43
amount and location are lacking.

Figure 3. Synthesis, assembly and formation of gap junctions. Extracted from [98].

1.2.8 Gene expression deregulation

Aging is associated with changes at gene expression level in all tissues and organs.
Particularly, cardiomyocytes must adapt to the changes and demands of the organism,
which leads to alterations at functional, structural and gene level. Mouse models
have been used to characterize age-associated changes at gene and protein level.
Among other gene expression changes, cardiac aging has been associated with reduced
expression of both skeletal and cardiac sarcomeric α-actin isoforms [99, 100] and
SERCA, the sarco/endoplasmic reticulum Ca2+-ATPase [100–102]. Bodyak et al
[100] reported also decreased expression of different genes related to the sarcomere:
cardiac myosin light chain 2 (MYL2 ), α-myosin heavy chain (MYH6 ), tropomyosin
1 (TPM1 ), troponin I type 3 (TNNI3 ) and troponin C (TNNC1 ) as well as genes of
the complex 1 and 3 of the mitochondria respiratory complex.
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MicroRNAs (miRNAs) are single-strand non-coding RNAs sequences of approx-
imately 18-25 nucleotides that regulate gene expression at the post-transcriptional
level. They are largely conserved during evolution and control numerous biological
functions in physiological conditions (differentiation, metabolism, cell proliferation,
apoptosis, development and aging) and pathological ones (neurological disorders, can-
cer or CVDs). A miRNA can regulate multiple genes, controlling full mechanisms,
and a gene can be regulated by multiple miRNAs. miRNAs inhibit the expression
of a gene by complementary binding to the target mRNA transcript [103]. miR-
NAs are transcribed by the RNA polymerase II as primary transcripts (pri-miRNA)
that are further processed in the nucleus by the Drosha to form a stem-loop double
strand RNA (pre-miRNA) that it is exported to the cytoplasm for Dicer endonucle-
ases to generate a short miRNA duplex. After argonauta (Ago) processing, the guide
strands are loaded into the RNA-induced silencing complex (RISC) to bind to the
target mRNA to degrade it or pause translation. The passenger strand is frequently
degraded (Figure 4) [104].

Figure 4. The biogenesis of miRNAs. The biogenesis of miRNAs. Extracted from
[105].

During the last years, miRNAs have been proposed as key regulators of CVDs and
aging. Using animal models some genes regulated by miRNA have been described
in relation to cardiac aging [6]. For example, miR-18a and miR-19b are associated
with age-related ECM remodeling as they regulate the expression of the connective
tissue growth factor and thrombospondins, being both genes related to the ECM [6,
106]. Another example is the increased expression of miR-22 which regulates cardiac
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fibroblast senescence [107] or the augmented expression of miR-34a whose silencing in
vivo alleviates the increased cardiomyocyte cell death observed in mice [108]. Further
studies are required to characterize the role that miRNAs play on human cardiac
aging.

miRNAs are actively and passively released to blood, thus circulating miRNAs
are avidly being investigated as biomarkers in age and disease. Rusanova et al
[109] proposed three miRNAs associated with frailty in the elderly: miRNA-21 and
miRNA223 are related to inflammation and miRNA-483 to the regulation of melatonin
synthesis. Considering that all organs do not age at the same rate [110], it would be
necessary to find organ-specific circulating miRNAs to estimate cardiac aging.

1.3 Biological aging

Chronological age (CA) is a main risk factor for many human diseases. Nevertheless,
there is large inter-individual heterogeneity in health outcomes of elder individuals.
Some individuals are frail and need continuous assistance, whereas others are indepen-
dent and exhibit good health until extreme ages [111]. Studies investigating human
aging are mainly conducted transversally in relation to CA. But CA is a mere time
index that does not necessarily explain the biological condition of an individual or
an organ. The biological age (BA) of an organ, perceived as its actual structural and
functional state, is a composite of both genetic and environmental factors acting to-
gether over time. Traditional aging research in humans is performed cross-sectionally
and its outcomes are conditioned to the masking effects of this inter-individual vari-
ability, which could be accounted for by BA but not by CA.

BA is a complex parameter that can be scored by different approximations such
as clinical markers, functional tests or molecular indicators. Measures of the physical
ability are relevant indicators of present and future health. Some of the physical
function measurements that are commonly used include grip strength, chair stand,
walking speed or standing balance. Poor performance in these tests is related to
higher mortality rates [112–114]. Since body composition changes with age, some
anthropometrical indexes are also used as aging markers such as body mass index,
muscle mass and waist circumference. Risk mortality increases with high abdominal
adiposity, loss of skeletal muscle mass and augmented body mass index [115–117].
As imaging technology is improving, new methodologies are being developed based
on magnetic resonance imaging or peripheral quantitative computer tomography
to analyze body composition and muscle mass with greater accuracy. Besides,
wearable devices will provide precise and real-time data in future studies. Some
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aging biomarkers are measured in blood and are related to glucose metabolism,
inflammation, cardiovascular function, nutritional status or endocrinology [118]. For
example, there is strong evidence that the lipid profile correlates with morbidity
and mortality [119, 120]. Besides, tumor necrosis factor α, interleukin 6, interleukin
1β and C-reactive protein are collectively named inflammaging and its increase is
associated with mortality [16, 121]. Furthermore, centenarians have reduced presence
of this inflammaging [122]. Although there is evidence of these blood measurements
as aging predictors, it is necessary to establish standards and reference ranges [118].

As epigenetic alterations are an aging hallmark, some DNA methylation clocks
have been developed [123, 124]. These clocks are based on DNA methylation being
a dynamic modification that changes with age. They are mainly focused on cytosine
methylation in CpG dinucleotides [125]. DNA methylation clocks are capable of
precisely predicting age across a wide range of tissue types, on top of the tissue
for which they were developed, suggesting that they measure aging signals that
are common between cell types. Nevertheless, mortality risk, the broadly used BA
indicator, has shown inconstant association with these clocks, thus raising doubts
about their applicability. RNA expression levels have also been used to develop aging
clocks. As they are more related to genes, their interpretation and experimental
validation is augmented [126, 127]. Even though great efforts have been made in
this field to overcome noise associated with transcriptomic data, it is not clear how
reproducible these methods are in large human cohorts. Most methods have been
conducted in reduced populations and not tested in independent cohorts or are based
on older microarray technology which is not as precise and reproducible as recent
RNA sequencing technology. Based on RNA, organ-specific BA indicators calculated
as an index of apparent age have been also developed [127]. Furthermore, BA
indicators based on proteomics of plasma samples have been proposed. Although in
principle they have many advantages, they have shown some drawbacks too. Plasma
protein composition is affected by kidneys, but this process remains substantially
unknown. Besides, proteomic technology is more recent than DNA technology and,
consequently, these proteomic clocks are not as validated as methylation ones. Some
studies have used multiple targeted and untargeted mass spectrometry and nuclear
magnetic resonance methods to generate metabolomic clocks from plasma and urine
metabolites. These methods have advantages, as they can detect many metabolites,
although the structure of most of them is still not characterized [128].

As the accumulation of senescent cells is another aging hallmark, some aging
biomarkers are based on this mechanism. The most broadly used are β-galactosidase
(β-gal) and P16. Increased β-gal activity reflects augmented lysosomal mass, but
this marker can yield false positives, so it is usually combined with other indicators
[53, 129]. Cellular senescence is tightly related to the expression of the cell-cycle
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regulator and cell senescence marker P16,expressed from the CDKN2A locus [130].
P16/CDKN2A is considered a BA marker in human skin and peripheral blood cells
[131, 132].

There are organ-specific markers that correlate with organ dysfunction such as
markers for the diagnosis and prognosis of heart failure (cardiac troponin, brain
natriuretic peptide and N-terminal pro-brain natriuretic peptide), indicator of kidney
chronic disease (cystatin C), the neurodegenerative disease marker (apolipoprotein E
level in cerebrospinal fluid) or indicators of liver dysfunction (alkaline phosphatase or
albumin). However, its application as long-term risk prediction is yet not established
[133].

The significance of BA on top of CA in CVD has been studied. BA has been
associated with improved prognosis capacity after ischemic stroke as compared to CA
[134] and with higher risk of CVD [135].

1.4 The heart

1.4.1 Cardiac anatomy and function

The heart is the most important organ of the circulatory system. It is divided
in two sides: the right side pumps blood to the lungs and the left side pumps
blood to the peripheral organs. Each side is divided in two chambers: the atrium
(upper chamber) and the ventricle (lower chamber) (Figure 5). Under physiological
conditions, oxygen-poor blood reaches the heart through the right atrium, which
contracts after its electrical excitation and ejects the blood to the right ventricle.
From there, ventricular contraction pumps blood to the lungs for it to be oxygenated.
Meanwhile, on the left side, oxygen-rich blood enters the left atrium from the lungs.
The electrical activation of the left atrium triggers its contraction and the blood
passes to the LV. The contraction of the LV is responsible for oxygen-rich blood
to be pumped to all organs in the body. Appropriate blood circulation requires a
fine interplay between the electrical and mechanical function of the heart, with the
electrical activation being the trigger for the mechanical contraction [136].
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Figure 5. Structure of the heart. Extracted from [136].

1.4.2 Cardiac electrical activity

Three main types of proteins in the cellular membrane of the cardiomyocytes are in-
volved in their electrical activity: ion channels, exchangers and pumps. Ion channels,
i.e., pore-forming proteins embedded in the membrane, allow the selective exchange
of ions between the inside and outside of the cell through protein conformational
changes, which cause the channel to open and conduct the ions or to close and, thus,
restrict their movement across the membrane. Sodium (Na+), potassium (K+), cal-
cium (Ca2+), and chloride (Cl−) are the main ions in the intracellular and extracellular
media. Two forces control their passive movement through ion channels: the electrical
gradient (i.e., the difference in the potential between the inside and outside of the cell)
and the chemical gradient (i.e., the difference in the ion concentrations between the
two media). The Na+-Ca2+ exchanger is an important element for Ca2+ regulation
in the cell. The Na+-K+ pump is responsible for maintaining the concentrations of
Na+ and K+ at both sides of the cell membrane [137].

The sinoatrial (SA) node is the natural pacemaker of the heart. It generates
the electrical stimuli that are transmitted throughout the heart to the atria and
ventricles. When a stimulus has a magnitude above the minimum required threshold
and excites the atrial and ventricular cardiomyocytes, it causes the transmembrane
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potential of these cells to rapidly grow (activation or depolarization phase). This
is followed by a slower decrease during which the cell returns to its resting state
(relaxation or repolarization phase). The change in the transmembrane potential
over time corresponding to a heartbeat, i.e., the AP of the cell, is generated by ion
exchanges between the intracellular and extracellular spaces through ion channels.
These exchanges are associated with inward and outward ionic currents. While AP
depolarization is fundamentally associated with the entry of Na+ ions through the Na+
channels, the return of the transmembrane potential to its resting value corresponds
to different ions passing through different ion channel families [136]. The AP of atrial
and ventricular cells is divided into the following 5 different phases (Figure 6):

Phase 0. Fast depolarization. The upstroke characteristic of this phase is due to
the fast inflow of Na+ through voltage-gated Na+ channels. These Na+ channels are
open for a short period of time and generate the fast Na+ current (INa). During this
phase the transmembrane potential varies from -85 mV to 20 mV in about 3-5 ms
[138, 139].

Phase 1. Early repolarization. The decline in the transmembrane potential is due
to the inactivation of Na+ channels, while the outward transient K+ current (Ito)
begins to repolarize the cell [138, 139].

Phase 2. Plateau. The equilibrium in this phase is due to the balance between the
influx of Ca2+ ions through the slow L-type Ca2+ channels (CaL), the slow opening
of outward K+ channels (Ks). Other involved ionic currents are the late Na+ inward
current (INaL) and the current associated with the activity of the Na+/Ca2+ exchanger
(INaCa) [138, 139].

Phase 3. Repolarization. During this phase the transmembrane potential goes
back to the resting potential due to the inactivation of Ca2+ channels while K+

channels are open. These K+ currents are the rapid delayed rectifier current (IKr),
the slow delayed rectifier current (IKs) and the inwardly rectifier current (IK1) [138,
139].

Phase 4. Resting potential. The transmembrane potential is reached (approxi-
mately -85 mV) mainly due to the outward K+ currents (IK1) and the current as-
sociated with the activity of the Na+/K+ pump (INaK) [138, 139].

Some cardiac arrhythmias have been associated to secondary voltage depolariza-
tions known as early afterdepolarizations (EADs) and delayed afterdepolarizations
(DADs). Voltage fluctuations during repolarization are the primary source of EADS.
EADs can augment the dispersion of refractoriness by locally prolonging the APD,
making the tissue susceptible to reentry. In addition, EADs can act as reentry-
inducing triggers if they reach the threshold for propagation out of this region as
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premature ventricular contractions. During diastole, spontaneous Ca2+ generates
DADs. DADs can lead to conduction block by locally depolarizing the resting mem-
brane potential. If they reach the threshold for Na+ channel activation, they can lead
to premature ventricular contractions and trigger reentry [140].

Figure 6. Schematic representation of a human ventricular AP with the ionic
currents (genes encoding the ionic channels in brackets) involved in each AP
phase and their time course. Adapted from [141].

1.4.3 Cardiac electromechanical coupling

The cardiac contraction-relaxation cycle is possible due to cardiac electromechanical
coupling. Specifically, the depolarization of the cardiac cell membrane causes the
opening of L-type Ca2+ channels resulting in an inward Ca2+ current that increases
the intracellular Ca2+ concentration in the dyadic space of cardiomyocytes. This
triggers the opening of Ca2+-sensitive ryanodine receptors (RyR) in the sarcoplasmic
reticulum (SR), which induces the Ca2+ release from the SR, augmenting even further
the Ca2+ levels in the cytosol. Part of this released Ca2+ binds to troponin, allowing
the interaction of the two contractile proteins actin and myosin, which leads to the
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mechanical contraction of the cardiomyocyte. After contraction, the SERCA pump
restores cytoplasmic Ca2+ concentration by introducing Ca2+ into the SR [142].

In addition to how electrical excitation affects mechanical contraction, the so-
called mechano-electrical feedback (MEF) also explains how the deformation of the
heart affects cellular excitation. MEF has been demonstrated to have a significant
impact on cardiac arrhythmias. One of the MEF mechanisms is associated with
the effect that myofilament length has on Ca2+ dynamics, as the buffer ability of
troponin augments when myofilaments are stretched [143], which impacts the AP
[144]. Another relevant MEF mechanism is through mechano-sensitive ion channels,
like the stretch-activated channels in the cell membrane, whose activity contributes to
electrical features such as rate dependence, refractory period, AP duration or resting
membrane potential [145].

1.4.4 Cardiac electrical propagation

Under physiological conditions, the spontaneous AP generated in the SA node initi-
ates each cardiac cycle. The SA node is situated in the superior lateral wall of the
right atrium, close to the opening of the superior vena cava. The AP propagates
from the sinus node to both atria. It first activates the right atrium and then the
left one. Next, the electrical impulse travels to the ventricles through the AV node.
The AV node, which is part of the specialized cardiac conduction system, causes a
transmission delay to allow atria to contract and pump blood into the ventricles.
The electrical propagation from the AV node to the ventricles occurs through the His
bundle and the Purkinje fibers, which facilitate a rapid spread of the cardiac impulse
throughout the ventricles. After their electrical depolarization, the ventricles contract
and pump blood to the rest of the body (Figure 7).

Electrical conduction in the heart is highly dependent on cellular connectivity, in
addition to the specialized cardiac conduction system. Individual cardiac muscle cells
are separated by intercalated discs. GJs form when adjoining cell membranes fuse
at each intercalated disc. Ions preferentially move along the longitudinal axes of the
cardiac muscle fibers and the electrical impulse travels from one cardiac cell to the
next one through intercalated discs. Thus, cardiac muscle is a syncytium of closely
interconnected cardiac cells and, when one of these cells excites, the AP propagates
to the rest of them [136].

The elapsed time since the last depolarization and the duration of the repolariza-
tion determine the ability of cardiac cells to respond to a stimulus. Over the course of
the AP, four states of refractoriness can be distinguished: 1) the absolute refractory
period is the time during which, regardless the strength of the stimulus, it will not
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Figure 7. Schematic representation of the APs recorded in various cardiac
tissues and the correspondence with the electrocardiogram waves and intervals.
Extracted from https://www.itaca.edu.es/cardiac-action-potential.htm

produce an AP because the membrane is not sufficiently repolarized and the Na+
channels are in their inactivated state; 2) the relative refractory period, which re-
quires a larger strength of the stimulus to trigger an AP; 3) the supernormal period,
when the threshold on the stimulus strength to produce an AP is lower than usual;
and 4) normal excitability [146].

1.4.5 Electrograms and electrocardiograms

An intracardiac electrogram (EGM) is a signal obtained by placing electrodes directly
on the surface of the heart to measure the electrical activity in the region where the
electrodes are placed. EGMs are invasive recordings that quantify the difference
between the electrical signals captured by two electrodes. If the two electrodes are
intracardiac, the acquired signals is a bipolar EGM. If one electrode is intracardiac
and the other one is remotely positioned, the acquired signals is a unipolar EGM.

The standard 12-lead electrocardiogram (ECG) is recorded from 12 different views
using 10 surface electrodes. The ECG signal measures the electrical activity of the
heart on the body surface. To acquire the standard 12-lead ECG, four limb electrodes
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and six chest electrodes are used. The limb electrodes are located in each of the arms
and legs and allow recording standard limb leads I, II and III and the augmented
limb leads aVR, aVL and aVF. The chest electrodes are located at specific locations
on the chest and are used to record precordial leads V1, V2, V3, V4, V5 and V6. The
standard limb leads are bipolar as they measure differences between a positive and a
negative electrode in the limbs. The augmented and precordial leads are unipolar as
they measure differences between a positive electrode and a combination of electrodes
that acts as a negative electrode.

Figure 8. Normal electrocardiogram. Extracted from [136].

Each cardiac cycle is represented in the ECG by P and T waves and the QRS
complex. The QRS complex is usually, but not always, composed of Q, R and S
waves. The P wave and the QRS complex are related to depolarization: the P wave
corresponds to the atrial depolarization and the QRS complex to the ventricular
depolarization. Atrial repolarization is masked within the QRS complex, which is
considered to represent almost exclusively the ventricular repolarization, as the mass
of the ventricles is considerably larger and, thus, will have greater contribution to
the ECG signal. Ventricular repolarization is associated with the T wave. Other
segments and intervals in the ECG signal include the QT interval, which comprises the
duration of ventricular depolarization and repolarization. The time interval between
ventricular depolarization and repolarization is, under physiological conditions, an
isoelectric period, which is represented in the ECG by the ST segment. The RR
interval is the elapsed time between two consecutive heartbeats [147] (Figures 7-8).
Figure 7 shows the correspondence between the ECG waveforms and the APs of
cells from different regions of the heart. As can be observed, the electrical activities
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of all cells in the heart contribute to the ECG. A close relationship exists between
the cardiac electrical activities at different scales, covering ion channels, cells, tissues,
the whole heart and the ECG measured on the body surface.

1.5 In silico electrophysiological models

Computational models have become very powerful tools to complement in vivo an
in vitro research, since they do not entail ethical restrictions, and allow almost
unlimited hypotheses to be tested, even unfeasible ones for in vivo an in vitro studies,
in a time and cost-effective manner. In silico models have been used to model
physiological processes, diseases or to develop drugs by studying the mode of action
or derived adverse cardiac effects, among other applications. The huge development
of computational models has been fueled by the increase in computational power at
continuously decreasing costs available to researchers nowadays [148].

1.5.1 The Hodgkin & Huxley cellular model

In 1952, Hodgkin and Huxley [149] proposed the first electrophysiological model of
an excitable cell, which in their case was a squid giant axon. In their model, called
the HH model in the following, Hodgkin and Huxley formulated the equations for the
temporal evolution of the transmembrane voltage and the ionic currents on the basis
that the cell membrane is selectively permeable to K+ and Na+ ions in a voltage and
time dependent manner. They depicted the electrical activity of the squid giant axon
considering that this can be represented by an electrical circuit composed of resistors
(ion channels), a capacitor (cell membrane) and voltage sources (Figure 9). In the
HH model, four different ionic currents were included: the Na+ current (INa), the
K+ current (IK), the leak current generated by all other types of ions (IL) and the
capacitive current (Ic) [150].

The movement of ions through the cell membrane is determined by electrical and
diffusion forces. Each type of ion reaches an equilibrium when these two forces are
equal in magnitude and opposite in sign. The potential equilibrium of an ion x is
known as the Nernst potential and is defined as:

Vx = −RT

zxF
log

(
[x]i
[x]e

)
(1.1)

where Vx is the Nernst potential for the ion x, R is the gas constant, T is the
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absolute temperature, zx is the ion valence, F is Faraday’s constant, [x]i is the ion
intracellular concentration and [x]e is the ion extracellular concentration.

Figure 9. Schematic diagram of Hodgkin-Huxley model. Extracted from [150].

The diffusion force is modeled as a voltage source using the Vx potential calculated
with the above equation. Also, using Ohm’s law, the conductance per unit area, gx,
for the ion x is calculated as:

gx =
Ix

V − Vx

(1.2)

where Ix is the current through the ion channels of type x, V is the transmembrane
potential and Vx is the Nernst potential for the ion x. Considering that ion channels
are selective for a particular ion type and that ions pass through them only when the
channels are open, the conductance gx is calculated as:

gx = Gx,max px,o (1.3)

where Gx,max is the maximum current when all channels are open and px,o is the
proportion of channels of type x that are open, with this proportion being dependent
on the transmembrane potential V [150].

At the time Hodgkin and Huxley proposed their model, little was known regarding
the structure of the ion channels, and they defined their behavior using a set of hypo-
thetical activation and inactivation gates. In the HH model, each of the gates could
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be in the open or the closed states and transitioned between these two states along
time, with the opening and closing transition rates being dependent on transmem-
brane voltage. For the Na+ channels, Hodgkin and Huxley defined three activation
gates (called m gates), which became open when voltage increased and remained
closed during the resting AP phase, whereas inactivation gates (named h gates) were
open during the resting AP phase and became closed when transmembrane potential
increased. In the HH model, K+ channels were composed of four activation gates
(named n gates). Assuming that each of the gates open and close independently of
the others, the proportion of open channels is equal to the product of the proportions
of open gates for the different types of gates the channel is composed of [150]. For
Na+ and K+ channels this can be written as:

pNa,O = m3 h (1.4)

pK,O = n4 (1.5)

Based on the above equations, the K+ and Na+ currents in the HH model are
defined by the following equations:

INa = gNa (V − VNa) = GNa,max m
3 h (V − VNa) (1.6)

IK = gK (V − VK) = GK,max n
4 h (V − VK) (1.7)

where GNa and GK correspond to the maximum conductance of Na+ and K+,
respectively, when all channels are open.

The opening and closing of ionic gates are defined by the following ordinary
differential equation (ODE):

dy

dt

= a (1− y) + b y (1.8)

where a is the transition rate from the closed to the open state, b is the transition
rate from the open to closed state and y is the proportion of open channels.

Taking all the above into account and denoting by u the vector that contains all
the state variables defined by ODEs, the total current in the HH model is defined as
the sum of the ionic currents (K+, Na+ and leak currents) and the capacitive current,
as described in the following equation:

Itot(u,V) = Cm
dV

dt
+ IK(u,V) + INa(u,V) + Ileak(u,V) (1.9)

where Cm is the membrane capacitance.
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1.5.2 Human cardiomyocyte and fibroblast models

Since the 1950s, when the first AP model for an excitable cell was developed by
Hodgkin and Huxley, in silico electrophysiological modeling has significantly pro-
gressed. Based on the HH model, Denis Noble and coworkers proposed the first
mathematical model for mammalian cardiac cells in the 1960s. The Noble model
reproduced the electrical activity of Purkinje fiber cells [151]. As reported in a review
of models representing cell types of the heart in various species [152], the first ven-
tricular cell model was proposed by Krause and coworkers in 1966 [153]. Currently,
there are cardiac electrophysiological models for ion channels, cells, tissues and whole
cardiac cavities and for many different species [152, 154].

For the purposes of this thesis, the O’Hara-Virág-Varró-Rudy (ORd) model [8] is
used to define the electrophysiology of human epicardial and midmyocardial cells. To
model fibrosis in ventricular tissues, the MacCannell [9] model is used to describe the
electrophysiology of fibroblasts.

1.5.2.1 The O’Hara-Virág-Varró-Rudy human ventricular cell
model

The ORd model [8] (Figure 10) is a highly detailed mathematical model of the undis-
eased human ventricular electrophysiology. It was developed based on experimental
data from more than 100 undiseased human hearts. It provides descriptions for the
electrical activity of human ventricular cells in the epicardium, mid-myocardium and
endocardium. This mathematical model reproduces a broad range of physiological be-
haviors and is validated over a large set of physiological frequencies. The performance
of the ORd model [8] has been compared with those of previous human ventricular cell
models like the Ten Tusscher-Panfilov [155] model and the Grandi-Bers [156] model.

The K+ currents in the ORd model are IKs, Ito, IK1 and IKr. In this model, IKs has
less effects on the AP than in other previous in silico models. Na+ currents in the
ORd model include INaL and INa. Regarding Ca2+ currents, the ICaL, the K+ current
through L-type channels (ICaK) and the Na+ current through L-type channels (ICaNa)
are described in the model.

The ORd model uses the HH formulation for some ion channels whereas others
are formulated using Markov model (MM). The HH formulation describes the be-
havior of ion channels by considering that these contain gates that open and close
independently along time. The MM formulation considers that the channel can be in
different possible states and transitions between them along time. Although the MM
formulation can more accurately describe the actual behavior of ion channels, models
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based on this formulation are computationally much more demanding and mathe-
matically more complex in terms of parameter estimation and identifiability than
those based on HH formulations. The dramatic increase in computational time can
be affordable for single cell simulations, but may become prohibitive for large-scale
simulations [157].

Figure 10. Schematic representation of the ORd model with ionic currents and
fluxes. Extracted from [8].

The ORd model also comprises the Na+-Ca2+ exchanger current (INaCa), the
Na+-K+ ATPase pump current (INaK) and the following background currents: K+

(IKb), Ca2+ (ICab) and Na+ (INab). Some of the innovations of the ORd model
are the accurate kinetics of IKs, Ito, IK1, IKr, INaL, INa and INaCa, the replication of
APD behavior at all physiological pacing rates with and without blocking the major
currents and the effects of the Ca2+/calmodulin-dependent protein kinase II (CaMK),
which plays an important role in Ca2+ cycling. Besides, this model reproduces EADs,
described above [158], and alternans, a beat-to-beat alternation in the APD or Ca2+
cycling, being both fundamental arrhythmic events that a model should replicate to
study cardiac arrhythmias [8].
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1.5.2.2 The MacCannell mammalian ventricular fibroblast
model

MacCannell and colleagues [9] developed mathematical models to describe the elec-
trophysiological properties of ventricular fibroblasts. Two different fibroblast mod-
els were presented: passive and active. In this thesis, the active model is used,
which includes four membrane ionic currents: time- and voltage-dependent “delayed-
rectifier” K+ current (IKv), inward rectifying K+ current (IK1), Na+-K+ pump current
(INaK) and background Na+ current (Ib,Na). The MacCannell model for ventricular
fibroblasts renders novel insights into the functional consequences of the electrotonic
coupling between adult ventricular myocytes and fibroblasts. When the IK1 and IKv

currents are considered in the active fibroblast model, there is a significant shortening
of the APD and a decrease in the height of the plateau phase of ventricular myocytes.

1.5.3 Propagation of the electrical impulse through the tissue

To mathematically model the electrical propagation in the cardiac tissue, the bido-
main and the monodomain models are commonly used. The bidomain equations are
defined as a coupled system of equations describing the electrical potential in the
intracellular and extracellular domains along the cardiac tissue. The tissue is com-
posed by two continuous domains: the intracellular and the extracellular ones, which
coexist in space but are separated by the cell membrane. This is in contrast to real
cardiac tissues, where each of the domains physically occupies a fraction of the total
volume. In the bidomain model, the two domains act as conducting volumes with
different conductivity tensors and electric potential and there is an ionic current flow
between them through the cell membrane [159].

The system defined by the bidomain equations consists of two partial differential
equations (PDEs) coupled at each point in space with a system of ODEs. The PDEs
describe the electric field in the intracellular and extracellular spaces using a reaction-
diffusion model, whereas ODEs defined ion concentrations and the proportion of ion
channels in the different states for each family of ion channels at the cellular level
[159].

The parabolic-parabolic form of the bidomain equations in the region occupied by
the cardiac tissue, Ω, is:

∇ · (Di ∇ Φi) = χ (Cm
∂V

∂t
+ Iion(u,V))− Ii

(vol) (1.10)

∇ · (De ∇ Φe) = −χ (Cm
∂V

∂t
+ Iion(u,V))− Ie

(vol) (1.11)
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∂u

∂t
= f(u,V) (1.12)

where Di is the intracellular conductivity tensor, De is the extracellular conductivity
tensor, Φi is the intracellular electric potential, Φe is the extracellular electric po-
tential, χ is the surface-area-to-volume ratio and Cm is the membrane capacitance
per unit area. The vector u contains the state variables defined at the cellular level,
including the ion concentrations and the gate variables or proportion of channels in
different states. Iion (u,V) is the ionic current per unit surface area and it is calcu-
lated, together with f , according to the mathematical model used to represent the
cellular electrophysiology at each point in space. The source terms Ii(vol) and Ie

(vol)

are the intracellular and extracellular stimuli per unit volume. The equations 1.10 and
1.11 describe the local conservation of current in the intracellular and extracellular
spaces, respectively [159].

The parabolic-elliptic form of the bidomain equations is obtained by combining
equation 1.10 with the sum of equations 1.10 and 1.11.

χ (Cm
∂V

∂t
+ Iion(u,V))−∇ · (Di ∇ (V + Φe)) = Ii

(vol) (1.13)

∇ · ((Di +De)∇ Φe +Di ∇ V) = −Itotal
(vol) (1.14)

∂u

∂t
= f(u,V) (1.15)

Itotal
(vol) = Ii

(vol) + Ie
(vol) (1.16)

The boundary conditions for equations 1.13 and 1.14 specify the current applied
along the border:

n · (Di ∇ (V + Φe)) = Ii
(surf) (1.17)

n · (De ∇ Φe) = Ie
(surf) (1.18)

where n is the outward pointing unit normal vector to the tissue and Ii
(surf) and

Ie
(surf) are the intracellular and extracellular currents per unit area applied along

the boundary. The group of equations 1.13-1.18 completely define the system by
specifying the initial conditions for the transmembrane potential V and all the
variables defined by the vector u at all points of the cardiac tissue Ω [159].

If proportionality is considered between the intracellular and extracellular con-
ductivity tensors, Di = αDe, where α is a scalar, the previous expressions can be
simplified to lead to the monodomain equations. The parabolic PDE has only one
unknown variable, i.e., the transmembrane potential. Subsequently, the second equa-
tion of the model is solved to calculate the extracellular potential.
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The parabolic PDE dependent on the transmembrane potential is:

χ (Cm
∂V

∂t
+ Iion(u,V))−∇ · (D ∇ V) = I(vol) (1.19)

∂u

∂t
= f(u,V) (1.20)

where D is the conductivity tensor and I(vol) is the stimulation current. This equation
models a reaction-diffusion phenomenon, where the term that contains the ionic
current Iion, defined from the cell model, represents the reaction and the term
that contains the spatial derivatives of the transmembrane potential describes the
propagation of the AP and represents the diffusion. In most situations in which
the transmission of the electrical impulse in the heart is simulated, the monodomain
model can reproduce the phenomena observed experimentally and is, therefore, the
chosen model. However, in particular situations, as when simulating defibrillation
through the injection of current in the extracellular space, the different anisotropy of
the intracellular and extracellular domains gives rise to electrical patterns that can
only be reproduced using the bidomain model [160].

1.6 Aging models

1.6.1 Human aging research

Human aging is a complex and multifactorial process in which many mechanisms are
altered. Human studies are constricted by ethical and practical reasons. On top of
that, most of them are cross-sectional, which can veil aging features due to the high
inter-individual variability. Other studies are based on twin couples, unrelated cen-
tenarians, families with many long-living members and longitudinal studies. Twins
have been used to analyze genetic and non-genetic factors related to longevity [161].
Centenarians have been analyzed to find causes of their healthy aging and longevity,
with studies investigating their genetics, immune system and environment. Research
on centenarians is useful to find putative genes and common polymorphisms asso-
ciated with longevity [162–164]. Furthermore, population genetic studies have been
performed to identify genetic associations with human lifespan applying Genome-
Wide Association analysis. These studies found that some loci are associated with
longevity-related phenotypes. However, these studies have some limitations as some-
times replication between studies is limited due to different definitions for cases and
controls [165]. There are different regions in the world with families having many
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long-living members (Netherlanders from Leiden, Mormons from Utah, White Amer-
icans from New England, Japanese from Okinawa, Askhenazi Jews living in the USA
and Icelanders). Studies of these populations have reported that first-degree family
members of these long-live individuals have higher probability to be also a long-lived
individual, but not their partners even if they spend most of their adulthood to-
gether [166–168]. Thus, these results suggest that there is a genetic factor in human
longevity. Some studies try to find the genes responsible for this longevity, which may
or may not exist. Finally, a longitudinal study is an investigation of the same indi-
viduals repeatedly over the years. These studies are time-consuming and expensive,
but they can be also enlightening as they can be used to identify gene polymorphisms
associated with longevity or with a protective role for disease onset. The three prin-
cipal longitudinal studies regarding aging and longevity are the Danish 1905 Cohort
Survey [169], the Leiden 85-Plus Study [170] and the Invecchiare in Chianti ‘InCHI-
ANTI’ study [171]. The Leiden 85-Plus Study reported changes in genetics, decreased
frequency of HLA-B40 and increased frequency of HLA-DR5 with age. Regarding dis-
ability, although women have been found to have higher lifespan, they tend to be more
handicapped and perform worse in physical tests [161, 170].

1.6.2 In vivo animal models of physiological and accelerated
aging

Aging research is fundamentally developed in animal models. Natural aging models
were recently reviewed by Brunet and colleagues [172]. The different categories of
experimental models include non-vertebrate models, traditional vertebrate models
and the use of species more related to humans. Non-vertebrate models (worm, fly and
yeast) can be genetically modified easily and their lifespan is short. These models have
improved the knowledge about genetic pathways involved in longevity and previously
unknown chromatin regulators. Despite being useful in some applications, these
models lack some organs and systems, which are fundamental in human aging, such
as a closed circulation system, blood or an adaptive immune system, among others
[173–175]. Mice [176] and zebrafish [177] models, the so-called traditional vertebrate
models, have been used as they more closely resemble humans. Mouse models have
been useful, among other applications, to validate drugs and anti-aging interventions,
confirm genes and pathways from non-vertebrate models or unveil genes from the
growth hormone axis associated with the regulation of lifespan. Non-human primates
(marmosets and rhesus monkeys) are evolutionary more linked to humans, but they
are time- and money-wise costly. Also, their environmental and genetic features are
difficult to control [178, 179]. Lately, some studies have used companion dogs as they
share environmental factors with humans and their genetics are easier to control [180,
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181]. Since these dog and non-human primate models are money and time consuming,
they are mainly used for validation rather than for discovery investigations.

Aside of natural aging models, there are also accelerated aging models that have
greater animal rate survival and briefer experimental time. Mouse and rat are the
most commonly used species to induce aging due to its similarity to human, high
reproducibility, short lifespan, amenability for transgenesis and reduced costs. How-
ever, large animal models of accelerated aging also exist [182–184]. This accelerated
aging can be induced in the whole animal, thus obtaining systemic aging models, or
specific to an organ or tissue. The systemic-induced aging models can be obtained by
drug treatment, genetic engineering or irradiation, among others [185]. Some studies
have used sub-lethal body irradiation to generate accelerated mouse aging models.
This methodology causes tissue and cellular damage by the ionization as well as free
radicals’ generation due to water radiolysis [186, 187]. An example of transgenic
model is the homozygous knock-in mice that express a proofreading-deficient version
of PolgA, the catalytic subunit of mtDNA polymerase, are one example of genetic
modifications used to induce accelerated aging. Point mutation rates are increased
and deleted mtDNA content is augmented in these mice. All of this results in shorter
lifespan and the premature onset of the aging phenotype including alopecia, obesity
and osteoporosis [188].

Progeria syndrome mice are another example of genetic engineering models.
Progeroid syndromes comprise human genetic disorders characterized by reduced
lifespan and premature development of symptoms associated with advanced age [185,
189]. The progeroid mice are a useful tool to study aging due to their high similarity
to normal aging. Between the non-genetic approaches, D-galactose administration is
the preferred method to induce aging due to its fewer side effects and greater survival
rate. D-galactose is a reducing sugar present naturally in the body, but at high levels
it generates an increase in ROS production leading to mitochondrial dysfunction,
apoptosis and oxidative stress, which leads to many organs, like liver, lung, kidney,
heart, or the gastrointestinal system, evidencing aging phenotypes [190–192]. As per
the organ-specific aging models, they have been developed for several organs including
brain or nerve system (by e.g., obtaining transgenic mice with amyloid deposition
[193–195], muscle (by e.g., generating knockout mice with altered ECM proteins [196]
or liver (by e.g., feeding animals with a high fat diet [197], among others. With respect
to cardiac-specific models of aging, there are mouse models of age related cardiac
disease like heart failure with reduced ejection fraction or preserved ejection fraction.
The most frequent method used for generating this cardiac model is the long-term
infusion of angiotensin II, as this treatment is associated with hypertension, fibrosis,
aldosterone secretion and cardiac hypertrophy [198]. Withaar and colleagues [199]
combine angiotensin II treatment with a high fat diet, obtaining a model with more
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severe diastolic dysfunction and greater cardiac hypertrophy and fibrosis than with
the use of only high fat diet or angiotensin II treatment.

The limitations of translating results from animal species to humans, the shortage
of human samples and the difficulties of performing longitudinal aging studies in
humans have led to the development of other models to study cardiac aging: in silico
and in vitro models.

1.6.3 In vitro aging models

Induced pluripotent stem cells (iPSCs) were derived from embryonic and adult fibrob-
lasts mouse cells by Takahashi and Yamanaka in 2006 [200] and from human fibrob-
lasts subsequently in 2007 [201]. This groundbreaking discovery yielded Yamanaka
the Nobel Prize in Physiology or Medicine in 2012 jointly to John B. Gourdon. iPSCs
can be differentiated into any cell type of the body and have unlimited replicative
capacity without senescence. The revolutionary aspect of this technology is that re-
programming enables the generation of patient-specific iPSC and, thus, the in vitro
modelling of human conditions in what is called “the patient in a dish” approach. So,
iPSCs are a cutting-edge tool than can be used for drug discovery, screening and toxi-
city evaluation, development of disease-specific autologous cell therapy and modeling
human conditions and diseases, among other personalized approaches [202].

hiPSCs can be used to develop in vitro models of human cardiac development
as well as CVDs, as these models allow studying the physiology and pathology
of the human heart in vitro differentiation of hiPSCs into cardiomyocytes (iCMs)
mimics the known signals occurring at different stages of development. Different
protocols have been used for this, such as embryoid bodies, inductive co-culture and
monolayer differentiation [203]. The latter is preferred due to its simplicity as well
as greater efficiency. Improvements in monolayer differentiation protocols have led
to obtaining cardiomyocytes differentiation efficiencies of 85% and even 95% when
selection based on medium with sodium lactate [204, 205] or SIRPA and VCAM1
surface markers [206, 207] is applied. The obtained cardiomyocytes express ion
channels and sarcomeric proteins and they beat spontaneously and show AP and
Ca2+ transients, although iCMs are functionally immature [208]. Although some
improvements in costs and batch-to-batch differences can still be applied, nowadays
robust cardiac differentiation is possible and even hiPSCs-CM are commercially
available [203].

Human iCMs have been extensively used to characterize molecular mechanisms in
many cardiac diseases by mainly using three different strategies: innate, engineered
and induced models (Table 1 and Figure 11). Innate models are based on the
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generation of patient-specific disease lines using somatic cells from patients with
familial mutations associated with cardiac disease. The introduction or correction
of pathogenic mutations in healthy or patient derived iCM, respectively, via genome
editing approaches is used for the generation of the engineered model with isogenic
backgrounds. The induced model is based on the induction of cardiac disease in
iCMs from healthy individuals via exposure to stress-inducing conditions, pathogen
infection or drug treatment [209].

Figure 11. Schematic representation of strategies used for hiPSC-based disease
modeling. Extracted from [209].

The main disadvantage of hiPSCs-CM is its immaturity in comparison with hu-
man adult cardiomyocytes, which sometimes hampers its application on drug testing
or disease modeling. Different approaches have been applied to promote maturation,
including metabolic, biophysical, epigenetic or electromechanical cues [210]. Feeding
cells with hormones such as dexamethasone, triiodohyronine or glucocorticoid analog
improves their maturation [211, 212]. Another strategy is to use glucose-free medium
supplemented with fatty acid (particularly carnitine, palmitate, linoleic acid and oleic
acid) as cardiomyocyte maturation is associated with a metabolic change from glycol-
ysis to fatty acid oxidation [213]. Other approaches have modified substrate stiffness
and/or extracellular matrices to mimic cellular interactions observed in vitro or to
recreate the augmented cardiac stiffness due to collagen deposition [214, 215]. Also,
epigenetic priming [216], biophysical stimulation [217, 218], electromechanical stim-
ulation [219] and tissue engineering including co-culture [220, 221] enhance maturity
[210]. Great efforts are being made in this regard, but further investigations are still
required.
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Table 1. hiPSC-based models of cardiac disease.

Disease Gene Modeling approach References

LQT1 KCNQ1 Innate [222] [223]

KCNQ1 Engineered [224]

LQT2 KCNH2 Innate [225] [226] [227] [228]

KCNH2 Engineered [229] [230]

Pompe disease GAA Innate [231] [232] [233] [234]

Fabry GLA Innate [235] [236] [237] [238]

Danon LAMP-2 Innate [239]

Familial hypertrophic car-
diomyopathy

MYH7 Innate [240]

Catecholaminergic polymor-
phic ventricular tachycardia
type 1

RYR2 Innate [241] [242] [243] [244] [245] [246]

Dilated cardiomyopathy TTN Innate [247]

TNNT2 Innate [248] [249]

On the basis of the above observations, there is a paucity of in vitro aging models.
Acun et al. [250] for the first-time showed human aged hiPSCs-CMs by keeping
cells in culture for a long time. After approximately 55 days of culture hiPSCs-CM
reach a mature phenotype, but after 100 days they evidence malfunctioning with
similarities to aged human cardiomyocytes. These aged hiPSCs-CM have prolonged
Ca2+ transient decay, reduced beat frequency and velocity, lipofuscin granules or
augmented expression of the p21 aging marker, among others [251]. Other approaches
are based on doxorubicin treatment [251, 252], a highly genotoxic chemotherapeutic
whose main side effect in oncologic patients is a dose-dependent life-threatening
cardiotoxicity [253]. Topoisomerase II, a crucial regulator of genomic integrity, is
the molecular target of doxorubicin. Nevertheless, doxorubicin also causes cardiac
energy deprivation, cell death and increased ROS generation, which results in cardiac
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muscle dysfunction and heart failure [254]. Based on doxorubicin therapy, Lazzarini’s
model [251] replicated aging landmarks and age-related cardiac characteristics.

Miller et al [255] proposed a strategy based on inducing progerin expression in
hiPSCs-derived fibroblasts and mid-brain dopamine neurons to obtain aged cells and
to generate a model for studying late onset traits of Parkinson’s disease. Hutchinson-
Gilford progeria syndrome (HGPS) is a rare and fatal disease caused by progerin, a
mutant variant of lamin A, that leads to premature aging. Although there is vari-
ability in some signs and symptoms, patients share clinical features and they are
phenotypically similar. Progerin is a truncated form of the lamin A gene (LMNA)
originated by a mutation within exon 11 (classic form) or at the exon 11 intronic
border (atypical form). The nuclear lamina is mainly composed of lamin proteins,
and it is located between the inner membrane of the nuclear envelope and chromatin.
Lamina integrity is fundamental for many cellular processes: DNA replication, RNA
transcription, mitosis, nuclear pore assembly, cell cycling or apoptosis, among others.
The twelve lamin A exons are transcribed to generate prelamin A. This precursor
suffers four post-translational modifications: farnesylation, cleavage of the last three
amino acids residues of the C-terminal, methyl esterification and, ultimately, prote-
olysis of the 18 amino acids of the C-terminal including the farnesyl group to become
the mature lamin A. In all HGPS mutations, the transcription and post-translational
modifications lead to the deletion of 50 amino acids near the C-terminal end, resulting
in a truncated abnormal protein. The resulting protein maintains the farnesyl group
added during the post-translational modifications, which causes a stronger interaction
with the membrane and leads to instability in the nuclear membrane and alterations
in the heterochromatin [256]. The approach followed by Miller and colleagues is based
on previous studies that suggest common mechanisms between the HGPS and nat-
ural aging [257]. In the heart, HGPS leads to cardiovascular features observed in
natural aging like, for example, endothelial dysfunction, ventricular hypertrophy or
atherosclerosis regarding cardiac aging [258].

To progress beyond current knowledge in in vitro human cardiac aging, this thesis
characterizes the molecular and structural changes occurring over natural human
cardiac aging to generate and validate a human in vitro model of cardiac cell aging
based on human iPSC and inducible expression of progerin in iCM (Chapter 3).

1.6.4 In silico aging models

As described in previous sections, nowadays there are computational models for
most cardiac regions and species due to the existence of extensive experimental
data available for model development, calibration and validation. However, regarding
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cardiac aging, the number of in silico models that reproduce this process is reduced.
Nesterova et al [259] used data from atrial aging in canines and mice to feed the
Courtemanche model [260] and represent the effects of age on human atria. Because
of the scarcity of knowledge relative to age-related ionic remodeling that occurs in
human atria, they used experimental atrial data from aged mouse and dogs. Such
in silico aging model was used to predict the effects that dofetilide, one of the
antiarrhythmic drugs most widely prescribed for atrial fibrillation, has on human
atria in aged individuals.

Dokuchaev et al [261] used the in silico model resulting from coupling the human
ventricular electrophysiology model developed by Ten Tusscher et al [155, 262] with
the Ekaterinburg model of the mechanical activity and Ca2+ handling in ventricular
cardiomyocytes [263]. To generate a control population, they varied 9 parameters of
the coupled model (8 parameters representing the ionic conductance for main ionic
currents and 1 parameter describing the maximal velocity of the SERCA pump)
and obtained 20,000 randomly generated models. They calibrated this population
to discard those whose AP and Ca2+ transient properties were outside the physio-
logical ranges reported experimentally, thus reducing the population to 240 models.
Subsequently, they generated age-related models by reducing the density of the K+

transient outward current (Ito) and the maximal velocity of SERCA and augmenting
the density of the Na+-Ca2+ exchanger current (INCX) and L-type Ca2+ current (ICaL).
Two protocols of age-related change in the model parameters were performed. First,
the authors gradually modified each parameter individually by 20, 50, 70% in every
model of the control population to evaluate the sensitivity of the entire population
to the parameter variation and to compare the contribution of the parameters to the
age-related abnormalities. Next, the authors generated 60 age-related sets of these
four parameters using normal distributions for parameter deviation from the refer-
ence value with 25% mean and 10% of standard deviation and applied each set of the
aging parameters to every model in the control population. The authors evaluated 60
aged sub-populations, each consisting of 240 models. In total, approximately 15,000
age-related models were assessed in the study. Their approach allowed the authors to
assess the contribution to arrhythmogenesis of different excitation-contraction mech-
anisms present in cardiac aging.

To go further in the generation of in silico models of cardiac aging that allow
assessing the effects of age on human ventricular electrophysiology, this thesis proposes
new two-dimensional models of human ventricular electrophysiology built on the
basis of experimental characterizations in healthy donors. For that purpose, the
experimental characterization of fibrosis deposition and CX43 age-related remodeling
is carried out and translated into the computational model to assess age-related
changes on CV, APD and arrhythmogenesis, as detailed in Chapters 4 and 5.
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1.7 Hypothesis and Goals

The hypothesis of this thesis is that the characterization of the human cardiac
remodeling with age will generate new fundamental knowledge to ground the devel-
opment of novel tools to investigate its functional effects on cardiac electrophysiology
and allow longitudinal investigations to be conducted. Additionally, the research pro-
posed in this thesis is hypothesized to set a basis for future studies that improve the
diagnosis, prevention and treatment of age-related heart diseases. Based on this, this
thesis aims at characterizing the molecular, cellular and structural changes that
occur with age in the human LV and integrating the novel data into in silico and in
vitro models that support arrhythmic risk assessment and longitudinal mechanistic
research, respectively. The ultimate goal is to contribute to the development of novel
therapeutic solutions to promote healthy cardiac aging and of non-invasive tools for
the early identification and prevention of age-related arrhythmic risk.

The specific objectives of this thesis are:

1. Analysis of age-related transcriptome dynamics in the human LV and role of
miRNAs

Mechanisms associated with human cardiac aging are scarcely characterized.
Most studies are cross-sectional and based on chronological age, thus, age-
related remodeling may be obscured by the effect of the individual aging rate,
which is determined by the influence of environment and genetics. The aim in
this chapter is to study the transcriptional dynamics of the aging myocardium
in relation to chronological and biological age, with a focus in miRNAs as key
regulators of gene expression. This thesis pursues the generation of a miRNA-
based regulation network of genes related to cardiac function to obtain the
landscape of miRNAs contribution in the control of cardiac aging.

2. Analysis of the contribution of the LMNA gene variants in natural cardiac aging
and as a cardiac cell ageing inductor in an in vitro model of accelerated aging

Cardiac aging at the cellular and molecular levels is scarcely characterized in
humans due to ethical and practical reasons. Knowledge comes mainly from
human cross-sectional studies based on chronological age and from animal
models whose translational applicability is unknown. hiPSCs have been used to
investigate the molecular and functional mechanisms of cardiac physiology and
disease, but they have been barely used to model cardiac cell aging. Progerin
mRNA-mediated accelerated aging shares phenotypic features with natural
aging. This thesis aims at deciphering the potential contribution of progerin
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mRNA to cardiac physiological aging and at developing a cardiac cell aging
model based on progerin mRNA inducible expression.

3. Characterization of collagen remodeling in the human LV associated with age
and its role in cardiac arrhythmia generation

Age-associated changes in collagen have been mainly studied in animals, fun-
damentally regarding collagen amount, and from a chronological point of view.
In this thesis, the aim is to characterize collagen features (amount, aggregation
and spatial distribution) beyond midlife in human LV tissue from a chronolog-
ical and biological point of view. Also, the thesis aims at conducting the same
characterizations in a clinically relevant animal model, namely the pig, from
adulthood to elder age. Using in silico models of human LV electrophysiology
and the outcomes from the experimental characterizations, another goal of the
thesis is to determine the arrhythmic potential of the age-related remodeling in
the fibrosis features.

4. Analysis of CX43 structural dynamics with age in the human LV and its
implication on cardiac electrophysiology

Cx43 remodeling has mainly been studied in the context of disease, using animal
models and considering only Cx43 expression levels. The goal in this thesis is
to characterize CX43 remodeling and its relation with fibrosis in human LV
tissue beyond midlife by chronological and biological age. Importantly, the
thesis seeks to ultimately determine the influence that CX43 characteristics in
individuals from middle-to-old age have on conduction, repolarization duration
and dispersion and arrhythmicity.

1.8 Structure of the thesis

The thesis is organized as follows:

• Chapter 2 presents the research conducted to show that biological age markers,
CDKN2A and a highly complex transcriptional index named apparent age, allow
to better describe the transcriptomic LV dynamics than chronological age in a
large population of young-to-old individuals. The fundamental role of miRNAs
in the regulation of genes involved in functional and structural changes during
cardiac aging of the human LV is established by describing a bioinformatics
miRNA-gene regulatory network that is partially validated experimentally.

The research described in this chapter generated the following publications:
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- E. Ramos-Marquès# & L. García-Mendívil#,�, M. Pérez-Zabalza, H.
Santander-Badules, S. Srinivasan, J.C. Oliveros, R. Torres-Pérez, A. Ce-
bollada, J.M. Vallejo-Gil, P.C. Fresneda-Roldán, J. Fañanás-Mastral, M.
Vázquez-Sancho, M. Matamala-Adell, F. Sorribas-Berjón, J.A. Bellido-
Morales, F.J. Mancebón-Sierra, A.S. Vaca-Núñez, C. Ballester-Cuenca,
M. Jiménez-Navarro, J.M. Villaescusa, E. Garrido-Huéscar, M. Segovia-
Roldán, A. Oliván-Viguera, C. Gómez-González, G. Muñiz, E. Diez, L.
Ordovás, E. Pueyo. “Chronological and biological aging of the human left
ventricular myocardium: Analysis of microRNAs contribution”. Aging Cell
2021. 20(7):e13383. #Joint first author. �Corresponding Author.

- L. García-Mendívil, N. Smisdom, K.A. Mountris, A. Olivan-Viguera,
J.M. Vallejo-Gil, PC. Fresneda-Roldán, J. Fañanás-Mastral, M. Matamala-
Adell, F. Sorribas-Berjón, M. Vázquez-Sancho, C. Ballester-Cuenca, E.
Wolfs, RB. Driesen, L. Ordovás, E. Pueyo. “Histological characterization
of age-related remodeling in human left ventricle by second harmonic gen-
eration and lipofuscin content”. Myocardial Function & Cellular Biology
of the Heart 2019 Naples (Italy). Poster

- L. García-Mendívil, E. Ramos-Marquès, J.C. Oliveros, R. Torres-Pérez,
J. Fernández-Bes, A. Oliván-Viguera, E. Pueyo, L. Ordovás. “Transcrip-
tional analysis of human cardiac aging by chronological and biological age”.
Myocardial Function & Cellular Biology of the Heart 2019 2019 Naples
(Italy). Oral communication

- E. Ramos-Marquès, L. García-Mendívil, J.C. Oliveros, R. Torres-Pérez,
A. López-Ruiz, A. Olivan-Viguera, J.M. Vallejo-Gil, P.C. Fresneda-Roldán,
J. Fañanás-Mastral, M. Matamala-Adell, F. Sorribas-Berjón, M. Vázquez-
Sancho, C. Ballester-Cuenca, L. Ordovás, E. Pueyo. “The role of microR-
NAs in age-related remodeling of the human left ventricle”. Myocardial
Function & Cellular Biology of the Heart 2019 Naples (Italy). Poster

- L. García-Mendívil, E. Ramos-Marquès, J.C. Oliveros, R. Torres-Pérez,
J. Fernández-Bes, A. Oliván-Viguera, E. Pueyo, L. Ordovás. “Transcrip-
tional analysis of human cardiac aging by chronological and biological age”.
Cell Symposia: Aging & Metabolism 2018 Sitges (Spain). Poster

- E. Ramos-Marquès, L. García-Mendívil, J.C. Oliveros, R. Torres-Pérez,
A. Oliván-Viguera, L. Ordovás, E. Pueyo. “Analysis of the role of mi-
croRNA in age-related heart electrophysiological remodeling”. Cell Sym-
posia: Aging & Metabolism 2018 Sitges (Spain). Poster

• Chapter 3 shows that LMNA processing does not shift towards the pathological
progerin mRNA isoform in natural aging in the human LV. However, progerin
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mRNA expression in committed iCMs leads to the recapitulation of aging
hallmarks and age-related transcriptomic changes observed in natural aging
of the human heart.

The research described in this chapter generated the following publications:

- L. García-Mendívil�, N. Hernández-Bellido, M. Sánchez-Barat, M.
Pérez-Zabalza, E. Garrido-Huéscar, J.M. Vallejo-Gil, M. Matamala-Adell,
J.F. Sorribas-Berjón, J.A. Bellido-Morales, A.S. Vaca-Núñez, C.M. Ver-
faillie, C. Ballester-Cuenca, E. Pueyo, L. Ordovás. “Natural and induced
human cardiac aging: progerin mRNA does not accumulate naturally, but
accelerates aging in vitro”. Aging Cell. Submitted. Corresponding au-
thor.

- L. García-Mendívil, N. Hernández-Bellido, M. Sánchez-Barat, M. Pérez-
Zabalza, E. Garrido-Huéscar, J.C. Oliveros, R. Torres-Pérez, E. Ramos-
Marquès, E. Pueyo, L. Ordovás. “Envejecimiento cardiaco humano: tran-
scriptómica y desarrollo de modelos celulares”. II International Congress
of PhD students Miguel Hernández University of Elche (Spain) 2022. Oral
communication

- L. García-Mendívil, N. Hernández Bellido, M. Sánchez Barat, M. Pérez
Zabalza, E. Garrido Huéscar, J.C. Oliveros, R. Torres Pérez, E. Ramos
Marquès, E. Pueyo, L. Ordovás. “Envejecimiento cardiaco humano: tran-
scriptómica y desarrollo de modelos celulares de envejecimiento”. X
Congress of Young researchers of the I3A Institute Zaragoza (Spain) 2021.
Oral communication

• Chapter 4 shows the suitability of characterizing collagen features by SHG mi-
croscopy and automated image analysis. Collagen remodeling with chrono-
logical age was not observed beyond midlife in humans or in adult-to-old pigs.
However, collagen features correlated in humans with the biological age marker,
lipofuscin. By in silico modeling and simulation of human LV electrophysiology,
the alterations in the amount and organization of fibrosis with age are shown
to play a major role in arrhythmogenesis.

The research described in this chapter generated the following journal publica-
tion and congress communications:

- L. García-Mendívil�, M. Pérez-Zabalza, K. Mountris, S. Duwé, N. Smis-
dom, M. Pérez, L. Luján, E. Wolfs, R.B. Driesen, J.M. Vallejo-Gil, P.C.
Fresneda-Roldán, J. Fañanás-Mastral, M. Vázquez-Sancho, M. Matamala-
Adell, J.F. Sorribas-Berjón, J.A. Bellido-Morales, F.J. Mancebón-Sierra,

40



Chapter 1. Introduction

A.S. Vaca-Núñez, C. Ballester-Cuenca, A. Oliván-Viguera, E. Diez, L.
Ordovás, E. Pueyo. “Analysis of age-related left ventricular collagen re-
modeling in living donors: implications in arrhythmogenesis”. iSCIENCE
(2022). Corresponding author

- L. García-Mendívil, M. Pérez-Zabalza, K. Mountris, F.J. Mancebón-
Sierra3 A.S. Vaca-Núñez, S. Duwé, L. Ordovás, E. Pueyo. “Caracterización
del remodelado del colágeno asociado a la edad en el ventrículo izquierdo
humano de donantes vivos y sus implicaciones en la generación de arrit-
mias”. XI Congress of Young researchers of the I3A Institute Zaragoza
(Spain) 2022. Poster

- L. García-Mendívil, N. Smisdom, S. Duwe, K. Mountris, S. Srinivasan,
M. Pérez, L. Luján, E. Wolfs, R.B. Driesen, A. Oliván-Viguera, J.M.
Vallejo-Gil, P.C. Fresneda-Roldán, J. Fañanás-Mastral, M. Matamala-
Adell, F. Sorribas-Berjón, M. Vázquez-Sancho, C. Ballester-Cuenca, E.
Diez, L. Ordovás, E. Pueyo. “Characterization of cardiac remodeling asso-
ciated with aging in the human left ventricle”. I Congress of PhD students
Miguel Hernández University of Elche (Spain) 2021. Oral communica-
tion

• Chapter 5 shows that CX43 dynamics barely changes from midlife onwards in
humans, with these changes being slightly better explained by the biological age
marker lipofuscin than by chronological age. CX43 remodeling is shown to be
unrelated to fibrosis alterations with age. At an individual level, characteristics
of CX43 amount and heterogeneity like those observed in certain individuals of
the studied middle-to-old age population increase arrhythmic risk, particularly
when combined with enhanced fibrosis deposition.

The research described in this chapter generated the following journal publica-
tion and congress communications:

- L. García-Mendívil�, M. Pérez-Zabalza, J.M. Vallejo-Gil4, J. Fañanás-
Mastral, M. Vázquez-Sancho, J.A. Bellido-Morales, A.S. Vaca-Núñez, C.
Ballester-Cuenca, E. Diez, L. Ordovás, E. Pueyo. “Inter-individual age-
independent differences in human CX43 impact ventricular arrhythmic
risk”. Research. Under review. Corresponding author.

- L. García-Mendívil. “Characterization of age-related cardiac remodeling
in the human left ventricle. In vitro and in silico modeling”. PhD students
of Biomedical Research in Aragon (Spain) 2021. Oral communication
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CHAPTER 2

CHRONOLOGICAL AND BIOLOGICAL AGING OF
THE HUMAN LEFT VENTRICULAR

MYOCARDIUM: ANALYSIS OF MICRORNAS
CONTRIBUTION

This chapter has been partially adapted from the publication “Chronological and
biological aging of the human left ventricular myocardium: analysis of microRNAs
contribution” by Ramos-Marques & García-Mendívil� and colleagues [264].

2.1 Introduction

As described in Chapter 1, age is a major risk factor for CVDs. Aged hearts
undergo structural and functional changes at multiple levels that contribute to the
pathogenesis of the disease. Changes at the molecular level have been scarcely
characterized in humans. This lack of knowledge is inherent to the associated
limitations of human research, namely difficulties in discerning between aging and
disease effects, in conducting longitudinal studies and in obtaining cardiac samples.

Studies investigating human aging are mainly conducted transversally in relation
to CA, but CA is merely a time index that does not necessarily describe an individual
or organ’s biological condition. In contrast, the BA of an organ is the result of
the interaction of genetic and environmental factors over time. The significance of
accounting for BA on top of CA in CVDs has been reported. BA has been associated
with improved prognosis capacity after ischemic stroke as compared to CA [134] and
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with higher risk of CVDs [135]. However, the transcriptional dynamics of the aging
heart, and specifically of the LV, have not been investigated from a biological point
of view yet.

BA is a complex parameter that can be scored by different approximations such
as clinical markers, functional tests or molecular indicators. Cellular senescence is
a fundamental mechanism of aging tightly related to the expression of the cell-cycle
regulator and cell senescence marker P16 (expressed from the CDKN2A locus) [130].
P16/CDKN2A is considered a BA marker in human skin and peripheral blood cells
[131, 132]. The number of P16/CDKN2A+ senescent cells increases with age in
various human tissues [265], including the heart [266]. In the mouse heart, the pool
of p16/Cdkn2a+ senescent cells also increases with age [267, 268] and their clearance
reverts age-related phenotypes in cardiovascular disorders and improves heart function
in chronologically aged mice [269–271]. Yet, to the best of my knowledge, CDKN2A
expression has not been distinctly used as a cardiac BA marker. Other highly
complex transcriptomic indices could also account for the aging rate variability of an
organ. Apparent age (AppAge) is an unbiased BA index computed from age-related
transcriptional indicators [127] that adjusts the CA of an individual by his/her aging
rate.

As described in Chapter 1, miRNAs are relevant regulators of biological processes
that inhibit expression of their target genes [103]. miRNAs seem to have a role in the
regulation of heart aging. For example, miR-22, miR-18, miR-19a, and miR-19b and
miR-17-3p have been associated with senescence, apoptosis, autophagy, hypertrophy
and fibrosis in the heart, mainly in animal models [107, 272], and miR-34 is a master
regulator of cardiac aging in mice with age-related expression in human right atrium
[108]. Little is known, though, about their role in humans. Circulating miRNAs have
been described as biomarkers of aging and frailty [109], but since not all organs seem
to age at the same rate [110], organ-specific circulating biomarkers should be used to
estimate heart aging.

This chapter describes gene and miRNA expression changes in the human LV in-
duced by CA and transcriptomic BA through transcriptomic analysis of LV samples of
the extensive GTEx RNA-seq dataset. The potential of simple (CDKN2A expression)
and highly complex (AppAge) transcriptomic age (TA) markers to uncover cardiac-
specific age-related processes is assessed and the relation of TA markers to an aging
phenotype is demonstrated. Also, this chapter deciphers the potential contribution
of miRNAs in modulating age-related transcriptional changes and establishes and
partially validates a downstream regulation network of genes involved in myocardial
function. Finally, the presence of cardiac-enriched BA-regulated miRNAs in plasma
is assessed.
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2.2 Methods

2.2.1 Donors and sample selection

RNA-seq data (for both messenger RNAs and microRNAs) from a total of 318 RNA
samples of 212 male and 116 female, were obtained from LV specimens of the GTEx
study Version 7 [273]. By using the keywords “cardiac arrest”, “acute myocardial in-
farction”, “cardiovascular”, “heart disease”, “cardiovascular collapse”, “cardiac failure”,
“atherosclerotic cardiovascular disease”, “heart failure”, “cardiopulmonary arrest” and
“cardiopulmonary failure” on the cause of death, individuals who died of cardiac-
related causes (CD) were identified and removed from the study. This work is focused
on the non-cardiac-related cause of death (NCD) donors. Considering the reported
gender-related differences in gene expression with aging [274] and the smaller number
of female NCD donors, this study focused on the male gender. The 132 male NCD
samples were classified in decades (20-30, 31-40, 41-50, 51-60 and 61-70 y.o.) (Table
2) or fifths according to CDKN2A expression or AppAge (P20/40/60/80/100).

Table 2. Left ventricle samples from GTEx consortium.

Number of donors

Total 212

Non-cardiac death (NCD) 132

NCD age range

20-30 12

31-40 13

41-50 25

51-60 50

61-70 32

RNA samples of the 132 samples included in the study showed a median [Interquar-
tile range, IQR] RIN (RNA integrity number) value of 7.50 [6.50-8.10]. Post-ischemic
time, meaning the time between death and tissue preservation, had median values
of 304.5 [148.25-659.75] minutes. Previous studies on the effect of postmortem inter-
val on RNA quality suggest only minor expression changes within the first 24 hours
postmortem when stored in cold conditions [275].
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2.2.2 Hierarchical clustering and age sample distribution anal-
ysis

Normalized expression values were obtained from raw expression (read counts) of
RNA-seq samples by normalization using the DESeq2 R package (version 1.10.1) [276]
and log2-transformation (zero values were converted to 1 prior to log2 calculation)
(Table 3, available in the online publication as Table S2). For all tables shown in
this study, symbol and description of each gene were retrieved using BioMart (NCBI)
with assembly GRCh37.p13.

AppAge, defined as the sum of CA and ∆-aging, was calculated according to the
method described in [127]. AppAge of each individual was calculated in this study
cohort from 2863 age-related genes (Figure 12).

Hierarchical clustering was performed by using MeV (MultiExperiment Viewer)
[277]. Samples were hierarchically clustered by normalized expression values of the
whole transcriptome. Sample trees were obtained by selecting Euclidean distance
and average linkage clustering. EvolView was used to display the dendrogram [278].
Histograms and kernel smoothing function fits were calculated for each of the two
main groups of the dendrogram (defined by the two earliest separated branches),
according to three aging variables (Table 4, available in the online publication as
S3): AppAge, CDKN2A expression and CA.

2.2.3 Quantification of myocardial fibrosis

Histology images of hematoxylin-eosin staining corresponding to the 132 NCD donors
were downloaded in svs format from the GTEx database and transformed to TIFF.
Images were analyzed with in-house software tool (MATLAB R2020a, The Math-
Works Inc., USA) which works via a graphical user interface (GUI). After loading
and displaying the TIFF image to analyze, the custom software performs automatic
masks extraction for the tissue (myocytes) or the extracellular matrix and quantifies
the percentage of the fibrotic tissue. Masks were generated obtaining first the repre-
sentative RGB color of each component, the tissue and the extracellular matrix, by
exploring interactively the pixel color values through the image. Once defined, the
tissue and the matrix masks were identified as those pixels whose absolute RGB value
minus the representative RGB value were less than 20 and 10, respectively.

A black mask was created for such pixels and the rest of values were included in
a white mask. For visualization purposes, the tissue mask was depicted as red, the
extracellular matrix mask as blue and the merge as black (Figure 13). RGB values
were adjusted when necessary to eliminate merge. The percentage of cardiac fibrosis
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Figure 12. Representation of Apparent age. Age-related genes are identified by
Pearson correlation analysis (FDR<0.05). Delta-aging (∆) is calculated for each gene by
linear regression as the difference between the actual gene expression value and the expected
(regressed) one. The image represents an individual whose age-related gene expression
corresponds to and older apparent age than the actual one (red) and the opposite (green).
The aging rate of the individual (∆-aging) is computed as the aggregate of ∆ values of all
the age-related genes. Then, the apparent age (AppAge) of the individual is calculated as
the sum of CA and the aging-rate factor.

was calculated by dividing the number of black pixels of the extracellular matrix mask
over the sum of white pixels of both masks.

2.2.4 Differential gene expression and whole transcriptome
gene set enrichment analysis

GSEA software version 3.0 software [279, 280] was used to define functional groups
(Gene Ontology of biological processes, from MSigDB v6.2) of genes enriched or
depleted in individuals having high AppAge values, high CDKN2A expression and
CA-old. Settings used in the GSEA are the following: group size was limited from 3
to 500 genes and the number of permutations was set to 1000.

GSEA pre-ranked option was used to evaluate the 54320 genes annotated in the
RNA-seq whole transcriptome analysis. The differential expression values (LogRatio)
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Figure 13. Quantification of fibrotic tissue in samples of the GTEx study.
Representative hematoxylin-eosin images of individuals with low and high content of fibrosis
in LV (bottom). The corresponding masks of each image depict myocytes in red and
extracellular matrix in blue (top). Scale bars are 300 µm.

for each gene were obtained by using DESeq2 R package in donors with high/low
AppAge (P100 and P20), high/low CDKN2A expression (P100 and P20) or old/young
CA (61-70 and 20-30 y.o.) (Table 5, available in the online publication as Table S4).
Venn diagrams were created using Venny 2.1.0: (https://bioinfogp.cnb.csic.es/
tools/venny/index.html) [281].

2.2.5 miRNA expression profile calculation

To obtain gene expression profiles along aging, the RNA-seq samples were normalized
using the quantiles (normalize Quantiles) method of the R limma package [282] and
the values were log2-transformed as indicated above.
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For each gene, the average of the normalized log2-expression in each interval
(CDKN2A expression or AppAge quintile) was computed (interval average). A
baseline expression was calculated for each gene as the average of the five interval
averages. The ratio of gene expression for each CDKN2A quintile was computed by
subtracting the baseline value (Table 6, available in the online publication as Table
S7).

2.2.6 Identification of age-related miRNAs

The human LV miRNome consisted of 1314 annotated miRNAs, although miRNAs
with no reads in any of the studied individuals were removed, thus leaving 608
miRNAs and only those miRNAs with RNA-seq normalized expression values (Table
3, available in the online publication as Table S2) in at least 30% of individuals were
included in the analysis, rendering a total of 93 miRNAs for further analysis (Table
7, available in the online publication as Table S5). Since aging is a continuous process
in time, BA-related miRNAs (BIO-AGEmiRNAs) were identified not only as those
being differentially expressed (DEG) between the highest/lowest CDKN2A expressing
groups (Table 5, available in the online publication as Table S4), but also showing
significant Spearman correlation with CDKN2A expression (Table 8, available in the
online publication as Table S6).

2.2.7 Selection of mirror targets for BIO-AGEmiRNAs

The miRWalk database (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
index.html) [283] was used to identify BIO-AGEmiRNA targets. The predicted tar-
gets were filtered to mirror the expression profile of their associated BIO-AGEmiRNA.
Specifically, the expression patterns obtained above (Table 6, available in the on-
line publication as Table S7) were used to calculate the slopes between consecutive
CDKN2A quintiles. For steep BIO-AGEmiRNA slopes (above 0.15 or below -0.15),
predicted target genes were required to present slopes of opposite and, particularly for
very steep BIO-AGEmiRNA slopes (above 0.5 or below -0.5), corresponding target
slopes were required to be of at least half its magnitude. For flat BIO-AGEmiRNA
slopes (absolute value below 0.15), target slopes were required not to exceed 0.25
in absolute value. In addition, these identified targets were further assessed for cor-
relation with CDKN2A expression, this being of opposite sign to the corresponding
BIO-AGEmiRNA, and significant differential expression. The predicted target genes
meeting all the above-described criteria were defined as mirror targets.
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2.2.8 Establishment of LV-specific BIO-AGEmiRNA down-
stream gene regulation network

Cardiac-related gene ontology (GO) groups were selected from the full GO list (Table
9, available in the online publication as Table S11) by including those with any of
the following keywords in their group name: “heart”, “cardiac”, “ion”, “cytoskeleton”,
“action potential”, “actin” or “catecholamine”. All the mirror targets were functionally
annotated into GO groups. BIO-AGEmiRNAs and their associated mirror targets
present in cardiac GOs were used to construct the network. For ease and simplicity,
cardiac Gos were grouped into five functional categories with direct contribution
to “Action potential”, “Heart rate”, “Cardiac contraction”, “Cardiac conduction” and
“Autonomic Nervous System” divided in turn into sections (Table 10, available in
the online publication as Table S8). It should be noted that some genes belonged
to several cardiac GOs and could thus be represented in more than one functional
category.

2.2.9 Luciferase reporter assay

The vector used, pmirGLO-P2A-3fLAG-MCS, was a modification of pmirGLO
(Promega, USA). Briefly, downstream of Firefly luciferase, the autocatalytic pep-
tide P2A, the tag 3xFlag and a MCS were inserted. The 5’UTR, coding region and
3’UTR were cloned form most of genes in the MCS. For DSP, only the coding region
was cloned. Regions of each gene cloned, and primers used for cloning are included
in Table 11 (available in the online publication as Table S9).

HEK-293 cells were transfected with plasmid (1ng/ul) and miRNA mimic (1uM)
(M-00202, Ribbox, Germany) or negative control N1 (K-01000, Riboxx, Germany)
with Lipofectamine 2000 (11668027, Invitrogen, USA). After 24h, the luciferase assay
was conducted with Dual-Glo Luciferase Assay Kit (E2940, Promega, USA) according
to the manufacturer’s instruction.

2.2.10 Gene expression analysis on human LV samples from
living donors

Blood and transmural tissue were collected from patients undergoing valve re-
placement surgery or coronary artery bypass at University Hospital Miguel Servet
(Zaragoza, Spain) and Hospital Universitario Virgen de la Victoria (Málaga, Spain).
The tissue samples were obtained with a 14 G tru-cut biopsy needle during cardiac
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arrest, immediately after the patient was placed on cardiopulmonary bypass, from an
area of the anterior wall of the LV, near the base of the heart, with no evidence of
ischemia or any other macroscopic pathology [284]. All biopsies were obtained from
nonischemic ventricular myocardium of patients with absent LV hypertrophy, absence
of dilated cardiomyopathy and with normal LV systolic function (LV ejection fraction
above 50%). Immediately upon collection, tissue specimens were placed in freshly
prepared ice-cold preoxygenated 30mM BDM-Tyrode’s solution as described in [284]
and split in approximately 3 mm3 pieces for either molecular (snap frozen in liquid
nitrogen) or histological (see Chapter 4) analysis.

For this study, a total of 29 LV and 10 blood samples were obtained in age ranges
from 50 to 83 years old (y.o.) with median value 68 and IQR [60-73] (Table 12,
available in the online publication as Table S14). Plasma was isolated right after blood
extraction and stored at -80ºC. LV samples were immediately processed and snap
frozen in liquid nitrogen. Collection and analysis of human LV samples conformed to
the principles outlined in the Declaration of Helsinki and were approved by the local
ethics committee (CEICA, reference number PI17/0023 and CEI from 28/09/2017),
with all patients giving written informed consent before surgery and prior to their
inclusion in the study.

Total RNA was extracted from snap frozen tissue using the AllPrep DNA/RNA/
miRNA Universal Kit (50980224, Qiagen, Germany) and retrotranscribed with Prime-
Script RT Master Mix (RR036B, Takara Bio, Japan). Plasma RNA was extracted
with miRNeasy Serum/Plasma Kit (217184, Qiagen, Germany). miRNA was retro-
transcribed from total LV RNA or plasma RNA using the qScript microRNA cDNA
Synthesis Kit (95091-025, Quanta Biosciences, USA). Real time PCR was carried out
with Power SYBR Green PCR Master Mix (4309155, Thermo Fisher, USA) using the
oligonucleotides listed in Table 13 (available in the online publication as Table S15)
in a Viia7 instrument (Thermo Fisher, USA). mRNA expression was normalized to
YHWAZ, POLR2A and IPO8 reference genes [285]. miRNA expression was normal-
ized to RNU6 and cel-miR-39-5p (spiked in plasma samples before RNA isolation)
in LV or plasma, respectively. After the PCR run, individuals were classified for
CDKN2A expression (based on ∆Ct) and grouped in fifths. Relative gene expression
was calculated according to the 2−∆∆Ct method between the first (low CKDN2A) and
fifth (high CDKN2A) quintiles using as reference sample the individual with the low-
est ∆Ct value for each gene. Non-relative gene expression was calculated as 2−∆Ct.
For comparison purposes, a CA-matched subset of GTEx donors was selected, indi-
viduals were categorized by CDKN2A expression (RPKM) and grouped into fifths.
Relative expression between low (P20) and high (P100) CDKN2A-expressing individ-
uals of each gene was calculated in this case by dividing the RPKM value of each
sample by the reference sample (the one with lowest RPKM value).
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2.2.11 Tissue specificity assessment

LV expression specificity of each of the BIO-AGEmiRNAs was determined by calculat-
ing the Specificity Measure SPM [286]. SPM of BIO-AGEmiRNA was calculated using
the reads per kilobase per million mapped reads (RPKM) values of all individuals from
GTEx V7 (GTEx_Analysis_2016-01-15_v7_RNASeQCv1.1.8_gene_reads.gct.gz).
The following tissues were excluded from the analysis: transformed cells (EBV-
transformed lymphocytes and transformed fibroblasts), female tissues (ovary, uterus,
vagina, cervix and fallopian tubes) and whole blood, to include in the detection LV-
specific BIO-AGEmiRNAs secreted to the bloodstream. 44 tissues, including LV,
remained. Since not all of them had samples for all individuals, only those with avail-
able samples for at least 30% of the NCD individuals were included in the analysis,
rendering a total of 26 tissues in the P20 group (young BA) and 25 tissues in the P100
group (old BA). When all individuals were analyzed, the analysis rendered 27 tissues.
SPM values calculated for LV (Table 14, available in the online publication as Table
S16) can range from 0 to 1, with 1 indicating that a gene is specifically expressed in
LV. Statistical differences in the expression levels of BIO-AGEmiRNAs between LV
and each of the other analyzed tissues were determined by Mann-Whitney tests.

2.2.12 Statistical analysis

SPSS version 22 was used for statistical analyses. Spearman correlation analysis was
used to test the strength and direction of association between two variables. Mann-
Whitney test was used to assess differences between two independent groups. The
significance threshold was established at p = 0.05 for Mann-Whitney test and FDR
= 0.05 for the rest of analyses.

2.3 Results

2.3.1 CDKN2A expression and AppAge represent LV tran-
scriptomic age

Firstly, the capacity of CA and TA (CDKN2A expression, AppAge) markers to
represent gene expression differences with age in the 132 male individuals of the
GTEx consortium with NCD cause of death was assessed to understand whether age
was embodied in the transcriptome.

Hierarchical clustering using the whole transcriptome categorized individuals into
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two main groups (Figure 14A). Group 1 (83 individuals) contained a larger pro-
portion of individuals with low CA, AppAge and CDKN2A expression while group
2 (49 individuals) had a larger number of individuals with high CA, AppAge and
CDKN2A expression values. Sample distributions according to the age markers were
significantly different between group 1 and group 2, with the overlapping area between
the two groups being 31% for AppAge, 61% for CDKN2A expression and 76% for CA
(Figure 14A). These results indicated that aging was represented in the whole LV
transcriptome and that AppAge, a highly complex TA marker, better aligned with
the hierarchical clustering classification followed by CDKN2A expression and CA.

Subsequently, the biological significance of TA markers was assessed by correlation
analysis with CA. AppAge and CDKN2A presented significant correlation with CA,
with Spearman R coefficients being 0.47 and 0.24, respectively (Figure 14B). In-
terestingly, although they were independently calculated and they relied on a largely
different number of genes (1 versus 2863), a clear correlation was found between
the two TA markers, AppAge and CDKN2A, with a Spearman R coefficient of 0.51
(Figure 14B). Thus, the TA markers, AppAge and CDKN2A, are correlated and
represent the transcriptomic characteristics of the analyzed population better than
CA for the human LV.

2.3.2 TA markers are associated with a cardiac aging pheno-
type linked to heart dysfunction

To provide biological validation for the age markers, their relation with myocardial
fibrosis, a feature of structural remodeling of the aging heart that is related to
impaired function, was investigated [72, 287]. The amount of fibrosis found in
the LV was significantly correlated with all age markers with Spearman R being
0.27, 0.32 and 0.58 for CA, CDKN2A expression and AppAge, respectively (Figure
15A and Table 15, available in the online publication as Table S10). Looking
closer at the mechanism, the expression of genes involved in the pro-fibrotic TGF-β
pathway showed that most of the TGF-β factors, receptors and downstream signaling
molecules, were associated with all three aging markers (Figure 15B). Instead, genes
encoding extracellular matrix (ECM) proteins, final effectors of the fibrotic phenotype,
were all significantly associated with both TA markers, but not with CA (except for
Elastin, ELN) (Figure 15B). This is in line with the results exposed above, where
CA shows the weakest correlation to the percentage of fibrosis. Altogether, the results
show that both TA markers, AppAge and CDKN2A expression, are not only good
descriptors of transcriptomic age but also explain, better than CA, the age-related
fibrotic phenotype, and its main mechanisms at the single gene level.
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Figure 14. Relationship between human LV transcriptome and aging. A)
Dendrogram representing hierarchical clustering classification of individuals based on the
whole transcriptome analysis. Groups 1 (blue) and 2 (pink) are determined by early
separated branches. Color bars on top of the dendrogram represent CA, AppAge or
CDKN2A expression of each individual according to the indicated color scales on the
left. Below, the histograms show the distributions of CA, AppAge or CDKN2A expression
levels for the two groups of the dendrogram. Y-axes show the probability density function
(PDF). Percentages of overlap and p-values (Mann-Whitney test) are shown. B) Correlation
between aging markers (CA, AppAge, and CDKN2A expression). Dots indicate individual
data, while the line represents the fitted function. Correlation coefficient HAS and p-values
(Spearman) are shown.

2.3.3 Biological and chronological age-based analysis reveals
differentially altered functions in the aged human LV

Next, the potential of the three age markers to uncover age-related genes by differen-
tial gene expression analysis was examined.
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Figure 15. Correlations between aging markers and fibrosis. A) Correlation
between interstitial fibrosis percentage and age markers (CA, CDKN2A, and AppAge). Dots
indicate individual data, while the line represents the fitted function. Correlation coefficient
(Rho) and p-values (Spearman) are shown. B) Correlation between fibrosis-related genes
and age markers (CA, CDKN2A, and AppAge). Correlation coefficient (Rho) and p-values
(Spearman) are shown (*p < 0.05; **p < 0.01; ***p < 0.001). Axes show the 132 samples
ordered by the three age markers (X axis) and each gene expression level (Y axis).

Samples were classified in CA decades (20-30, 31-40, 41-50, 51-60 and 61-70 y.o.)
or fifths according to CDKN2A expression and AppAge (P20/40/60/80/100). CA
identified 657 differentially expressed genes (DEGs) between young (20-30 y.o.) and
old individuals (61-70 y.o.), substantially much less than the 14,437 and 15,670
discovered by CDKN2A and AppAge-based analysis comparing young (P20) and
old (P100) BA individuals, respectively. More than 70% of the CA-upregulated
or downregulated genes in old as compared to young donors were also retrieved
by CDKN2A and AppAge, once again confirming their link to age (Figure 16).
Moreover, there was more than 93% overlap of DEGs between TA markers.
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Figure 16. Differentially expressed genes according to the three aging parame-
ters. Venn diagrams show the number upregulated (A) or downregulated (B) differentially
expressed genes according to CA, CDKN2A and AppAge. “Upregulated” and “downregu-
lated” indicate old > young and old < young, respectively.

These findings led to evaluate enrichment or depletion of functional processes in
old individuals using gene set enrichment analysis (GSEA) (Table 9, available in
the online publication as Table S11). A total of 64, 895 and 1,684 GOs were sig-
nificantly enriched by CA, CDKN2A or AppAge, respectively. The top 20 depleted
and enriched GOs in old versus young (Table 16, available in the online publica-
tion as Table S12) were classified into wider categories to understand which general
functions were altered according to the three age markers. In the CA-, AppAge- and
CDKN2A-classified samples, functions related to immunity, inflammation and chemo-
taxis were enriched (Figure 17A), while those related to mitochondrial respiration,
metabolism and protein metabolism and translation were depleted (Figure 17B).
These functional groups belong to the aging landmarks ‘inflammation’, ‘mitochon-
drial dysfunction’ and ‘loss of protein homeostasis’ [5].

A functional group enriched in high CA- and high CDKN2A-classified samples was
related to angiogenesis. Also, groups related to gas and oxygen transport, in line with
the angiogenic process, were enriched both in high CA- and high AppAge-classified
samples.

Groups related to ECM organization emerged in high CDKN2A and high AppAge
donors only, while SMAD processes appeared enriched in CA-old individuals only.
Another substantial difference between all the age markers was the identification by
only high AppAge of 7 enriched GOs involved in bone and cartilage processes.
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Figure 17. Analysis of enriched and depleted functions in biologically and
chronologically old individuals. A) Enriched functions in CA-, AppAge-, or CDKN2A-
classified samples, and the overlapping between them. B) Depleted functions in CA-,
AppAge-, or CDKN2A-classified samples, and the overlapping between them. Colored
numbers in brackets indicate the number of GOs gathered into the broader biological
functions in each age-based analysis (orange, blue, and purple for CA, CDKN2A, and
AppAge, respectively).

Of note, despite CDKN2A being a cell cycle regulator, only two enriched groups
out of 795 were related to cell cycle-related processes (“Regulation of cell cycle arrest”
and “Negative regulation of cell cycle arrest”), but they had low normalized enrichment
score (Table 9, available in the online publication as Table S11).

Depleted functional groups related to heart function showed up in high AppAge-
(8 GOs) and high CDKN2A- (5 GOs) classified samples. These included processes
such as “Heart process”, “Cardiac muscle contraction”, “Cardiac muscle cell action
potential” or “Cell communication involved in cardiac conduction” (Table 16, avail-
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able in the online publication as Table S12). Also, GOs related to cytoskeleton
processes (“Regulation of actin filament-based movement”, “Myofibril assembly” or
“Actin-mediated cell contraction”) were present in the TA-based analysis. None of
these heart- or cytoskeleton- related processes were retrieved in CA-old individuals.

Altogether, both TA markers demonstrated to represent age in the human LV
transcriptome (Figure 14), proved association with an aging phenotype (Figure
15), and unveiled depleted heart-related processes (Figure 17) with overall higher
sensitivity than CA, being AppAge more precise and containing most of the informa-
tion retrieved by CDKN2A.

The TA markers significantly correlate among them, but the use of AppAge has
relevant drawbacks. Its high complexity (computed from 2863 genes in this data
set) would preclude the validation of RNA-seq data on new LV specimens at the
single gene level. In addition, AppAge computation is cohort-dependent, what would
prevent comparison between studies. Therefore, results with AppAge allowed to
confirm the findings observed for CDKN2A in the GTEx NCD cohort, but, for the
subsequent analysis, BA is estimated with the TA marker CDKN2A expression.

2.3.4 miRNAs are involved in biological aging of the human
LV

Next, this chapter investigated whether miRNAs could contribute to the transcrip-
tomic regulation of cardiac functions altered with BA. BIO-AGEmiRNAs were iden-
tified as those differentially expressed and presenting significant correlation with
CDKN2A expression. In total, 20 BIO-AGEmiRNAs were identified, 14 were up-
regulated and 6 downregulated (Table 16). Subsequently, a total of 18,679 putative
targets of BIO-AGEmiRNAs were found in the miRWalk database (Sticht et al., 2018).
Of these, only 10,561 fitted mirror expression pattern to their corresponding regulat-
ing miRNAs (Figure 18). Additional filters based on differential expression between
BA-young and old groups and significant correlation with CDKN2A-expression led
to the final number of 5,879 mirror targets: 3,658 from upregulated and 2,221 from
downregulated BIO-AGEmiRNAs. In conclusion, this approach identifies a number
of BIO-AGEmiRNAs and their mirror targets with a clear BA-related profile.
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Table 16. List of up/down-regulated BIO-AGEmiRNAs in elder versus young individuals.

BIO-AGEmiRNAs

Upregulated Downregulated

MIR4435-1HG MIR3911 hsa-mir-7162 MIR600HG

hsa-mir-6080 MIR155HG MIR4461 hsa-mir-490

MIR24-2 MIR1304 MIR3936

MIR497HG MIR3648 MIR635

MIR3916 MIR296 MIR22HG

MIR503HG MIR210HG MIR17HG

2.3.5 Biological (CDKN2A) age-related miRNAs are pre-
dicted to orchestrate heart-related processes during ag-
ing

To understand how LV function along aging could be modulated by miRNAs, a down-
stream gene regulation network of heart-related functions was established. Mirror tar-
gets belonging to cardiac GOs (Table 18, available in the online publication as Table
S13) were selected and represented in five functional categories. Due to space limita-
tions, only the top 5 induced and repressed BIO-AGEmiRNAs were represented in the
networks (Figure 19). The top 5 upregulated BIO-AGEmiRNAs had 3,524 mirror
targets and 72 of them belonged to cardiac GOs (Figure 19A). MIR3916 had the
largest contribution in the network potentially regulating 63% of the cardiac genes all
over the functional categories. Although the majority of cardiac mirror targets were
linked to one or two BIO-AGEmiRNAs, some genes such as CAMK2D, CACNA2D1,
CACNA1C or TMOD1 were modulated by 4 out of the 5 BIO-AGEmiRNAs. Out
of the 2,213 mirror targets of downregulated BIO-AGEmiRNAs, 34 of them were
annotated into cardiac GOs. MIR22HG had the largest contribution to the network
(Figure 19B), regulating 52% of the genes. In this case too, most of these genes
were linked to only one BIO-AGEmiRNA.

To validate the bioinformatics approach used to construct the network, some of
the predicted interactions were assessed in vitro. Two BIO-AGEmiRNAs (hsa-miR-
24-2 and hsa-miR-4435) and ten of their cardiac targets were chosen based on their
highest correlation coefficient with CDKN2A expression (Figure 20). hsa-mir-24-2-
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Figure 18. Identification of BIO-AGEmiRNAs mirror targets. A) Representative
image of the procedure used to mirror targets identification. Upregulated miRNA expression
pattern (green) is used to outline an exact mirror pattern (black). The expression profiles of
all predicted targets are shown in blue, while those fitting the mirror pattern (mirror genes)
are shown in red. B) Idem as in (A) for downregulated miRNA (red) and upregulated mirror
targets (green).

5p significantly interacted with ADRA1A, POPDC2, SERCA2, TMOD and ACTN2
gene sequences as compared to a non-targeting miRNA control. ACTN2 also showed
positive interaction with hsa-miR-24-2-3p, but CASQ2 and DMD did not respond to
the treatment with any branch of hsa-miR-24-2 mimics. As per hsa-miR-4435, only
the vector containing the DSP target sequence yielded interaction. In total, 6 out
of 10 tested interactions proved positive indicating the high predictable value of the
network.
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Figure 19. Predicted BIO-AGEmiRNAs gene regulatory networks of cardiac-
related functions. Network for the top 5 upregulated (A) or downregulated (B) BIO-
AGEmiRNAs. Mirror targets are shown as color-coded dots according to their putative
regulating miRNA. Sections of cardiac GOs are delimited by dashed lines and functional
categories are shown in capital letters.
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Because the bioinformatics analysis in the GTEx population could be affected
by donor and/or sample covariates (i.e., cause of death, RIN, postmortem interval,
premortem conditions), gene expression was primarily analyzed in a small group of
LV samples from living donors, ideally devoid of this possible source of variability.
As compared to GTEx donors, the trend of change of the relative expression median
values was conserved for most of the analyzed genes with increasing BA (Figure 21
and Tables 12-13, available in the online publication as Tables S14-S15).

In summary, miRNAs upregulated and downregulated with BA and their putative
regulated targets were identified. According to this analysis, BA-related miRNAs
might play a pivotal role regulating genes involved in human LV function. This study
establishes the first bioinformatic BIO-AGEmiRNA gene regulation network of LV
dysfunction associated with age in humans.

2.3.6 Identification of LV-enriched biomarkers of aging

The final objective was to find age-related LV-enriched miRNAs that could eventually
be used to assess cardiac BA in peripheral body fluids. BIO-AGEmiRNAs expression
levels were assessed in different human tissues of the GTEx database that had a
minimum number of samples. Among the upregulated BIO-AGEmiRNAs, MIR4461
was the most LV-enriched in BA-old individuals as compared to young, with an
associated SPM of 0.39 (Table 14, available in the online publication as Table
S16). The expression values of MIR4461 were significantly different in the LV as
compared to other 23 tissues, except for the atrial appendage (Figure 22A). Among
the downregulated BIO-AGEmiRNAs, hsa-mir-490 was the most LV-enriched in BA-
young individuals as compared to elder, having an SPM of 0.33 (Table 14, available
in the online publication as Table S16). Significant differences were found when
comparing its expression values with 23 other tissues except for atrial appendage and
testis (Figure 22B).

LV enrichment of MIR4461 and hsa-mir-490 was similar across tissues over the
whole range of ages (Figure 23A-B). In the LV samples from living donors, the
expression of the cardiac-enriched BIO-AGEmiRNAs followed the trend of change
with increasing BA observed in GTEx (Figure 24A). In addition, the preliminary
correlation analysis between the levels in LV and plasma are near significance for
hsa-miR-4461 (Spearman R=0.48, p-value=0.17) (Figure 24B).
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Figure 20. BIO-AGEmiRNAs and cardiac target interactions. Luciferase expres-
sion assay performed for miR24-2-3p or miR24-2-5p (A) and miR4435 (B). Cardiac target
under study is shown over each bar chart. Y-axes show the detected luciferase signal, nor-
malized to the control experimental condition (non-targeting miRNA). Error bars show SEM
and statistical analysis by Mann-Whitney test.
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Figure 21. Gene expression of BIO-AGEmiRNA and mirror targets in LV of
living donors. Relative gene expression in LV samples from living (top row, 2−∆∆Ct) and
GTEx (bottom row, 2log2Ratio) donors with low (grey dots) and high (black dots) CDKN2A
expression. The chronological age (age) of the selected individuals is also represented (Mann-
Whitney test: **p < 0.01 and ***p < 0.001).
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Therefore, this tissue enrichment analysis identifies two cardiac-enriched BIO-
AGEmiRNAs in the human LV, MIR4461 and hsa-mir-490, which are both present
in plasma and miR-4461 shows a tendency to reflect the levels in LV.

2.4 Discussion

In this work, the transcriptional landscape of human LV aging is investigated at the
whole tissue level from a BA and CA point of view with interest in describing the
contribution of miRNAs as key transcriptional regulators of genes involved in age-
induced cardiac dysfunction and as potential biomarkers of LV BA.

2.4.1 AppAge and CDKN2A are TA markers to assess BA in
human LV

Here, transcriptional changes along aging comparing CA with simple (CDKN2A ex-
pression) and complex (AppAge) TA markers are evaluated. The aim is to understand
whether accounting for inter-individual aging rate variability can uncover relevant
age-related mechanisms in human LV otherwise unseen by CA. TA markers better
represent the LV transcriptome along aging and are more sensitive than CA to de-
tect DEGs and heart-related enriched/depleted functions. TA markers are thus more
effective in unveiling organ-specific alterations with aging. Importantly, most infor-
mation uncovered by CA-based analysis is also captured by CDKN2A expression or
AppAge and the outcome of the single TA marker CKDN2A is unbiased towards its
gene-specific functions. Altogether, these findings support this working hypothesis
that accounting for inter-individual aging rate variability by TA markers improves
the detection of relevant age-related processes.

Besides its reduced sensitivity compared to AppAge, CDKN2A expression is set
here as the BA marker because a single gene, present in LV and in many aged tissues
[265], renders data susceptible of verification across studies. Whether CDKN2A
expression comes from a specific cell type or it is dispersed among cell types is non-
relevant for the conclusions reached in this work since the study is carried out at
the whole tissue level. On this basis, this research relevantly contributes to the
establishment of a simple and cohort-independent TA marker, namely CDKN2A
expression, for the study of the molecular basis of biological aging in the human
LV.
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Figure 22. Assessment of BIO-AGEmiRNA tissue specificity. Box plots showing
the expression levels (RPKM) of the two BIO-AGEmiRNAs with the highest LV specificity:
MIR4461 (A) and has-mir-490 (B). Median RPKM values are shown in red lines and p-
values from Mann-Whitney tests comparing LV with each of the other tissues are indicated.
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Figure 23. Age-independent assessment of BIO-AGEmiRNA tissue specificity
in the whole study population. Box plots showing the expression levels (RPKM) of
MIR4461 (A) and has-mir-490 (B) in all NCD individuals. Median RPKM values are
shown in red lines and p-values from Mann-Whitney tests comparing LV with each of the
other tissues are indicated.
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Figure 24. BIO-AGEmiRNA relative gene expression in the human LV. A) BIO-
AGEmiRNA relative gene expression in the human LV. A) Relative gene expression (fold
change, 2−∆∆Ct) in LV samples from living donors with low (grey dots) and high (black
dots) CDKN2A expression. The chronological age (age) of the selected individuals is also
represented (Mann-Whitney test: *p < 0.05). B) Spearman correlation analysis of the
levels (2−∆Ct) of mature miR-490-5p, miR-490-3p and miR-4461 in plasma and LV paired
samples.

2.4.2 TA markers are biologically validated for cardiac aging

It is well established that cardiac aging entails an increase in the degree of LV
fibrosis that leads to ventricular dysfunction [288]. Here, biological validation of
the relation of this CA-associated aging trait with the TA markers is provided.
At the histological level, the age-related content of fibrosis in human LV has been
analyzed only in two studies [72, 73]. In both, comparable higher amounts of collagen
deposition were observed in elder (67-87 y.o.) as compared to young persons (20-28
y.o.). The CA results agree with these observations, but differ in the total amount
of observed fibrosis, which seems slightly higher in this case. This is likely due to
the method used for quantification. Hematoxylin-eosin staining does not specifically
detect collagen fibers as Masson trichrome staining, the gold-standard technique used
to study fibrosis. Instead, it stains the whole extracellular matrix in light pink color
contrasting with the dark staining of myocytes, the main cell type contributing to the
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tissue structure (Figure 13). The computational quantification approach used here,
although is pretty faithful, could account for the observed difference since all matrix
fibers are detected, not just collagen. At the single gene level, the expression profiles
of members of the TGF-β pathway and components of the ECM confirm the trend
observed at the histological level. The association of TA markers with cardiac fibrosis
again highlight their increased sensitivity to account for the individual aging rate
and the relevance of conducting aging studies from the biological perspective. The
relation of TA markers with a main cardiac aging phenotype is hereby empirically
demonstrated.

2.4.3 Depleted and enriched functions in biologically and
chronologically old individuals

In GSEA, the top 20 enriched GO groups by the three age markers have been
mainly related to immunity, inflammation and chemotaxis. This study confirms
previous observations such as the inflammatory response during aging [5]. Other
enriched groups in the CA and CDKN2A-based analysis are related to angiogenesis.
Although there is extensive literature on impaired angiogenesis in the elderly [24],
these findings would agree with pathological angiogenesis related to the senescence-
associated secretory phenotype [289].

Commonly depleted functional processes for the three aging markers are mainly
involved in mitochondrial and energy metabolism, which coincides with previous
observations [5]. Functions related to protein synthesis are also depleted in all of
them, this being in line with the well-described alterations in the translation process
during aging. Reduction in protein synthesis has been shown to range from 20 to 75%
in many tissues and organisms and translation has been reported to become selective
with age, promoting the synthesis of proteins involved in repairing mechanisms and
stress response [290].

Interestingly, this study unveils relevant cardiac-related processes as depleted in
individuals with high CDKN2A expression and/or high AppAge, but not in CA-old
individuals. These cardiac processes constitute up to 25% or 40% (CDKN2A and
AppAge, respectively) of the top 20 GOs. Aside of the cardiac-specific GOs, other
CA-undetected functions include depletion of cytoskeleton-related processes. The ap-
pearance of cytoskeleton GOs (“Regulation of actin filament-based movement”, “My-
ofibril assembly” or “Actin-mediated cell contraction”) agrees with the mechanism
of myofibril disorganization that alters cardiac contractility and shortens lifespan in
Drosophila [291]. For bone and cartilage-related functions enriched in AppAge, pre-
vious studies have reported that genes involved in cartilage development participate
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also in vascular calcification in the heart [292, 293]. Moreover, proteins involved in
bone morphogenesis are necessary during heart development [294] and it is known that
expression of fetal genes is re-activated during aging [295]. Therefore, both vascular
calcification and emergence of fetal genes could be indicative of aging phenotypes.

In agreement with the results on fibrosis and aging, CDKN2A- and AppAge-
focused enrichment analysis yielded functional groups related to extracellular matrix
organization, which is associated with fibrotic remodeling in human aged hearts [6].
SMAD protein-related processes in CA could agree as well with age-induced cardiac
fibrosis [296]. The similarities between CKDN2A- and AppAge-based analysis, as well
as the great number of cardiac-specific functions differentially depleted by CDKN2A
and/or AppAge, further support the importance of not only considering CA but also
BA in aging investigations.

Single cell RNA-seq could help to determine genes and functional groups relevant
for biological aging at the individual cell level. Still, whole tissue transcriptomics is
highly informative as it has been demonstrated for decades. In particular for human
aging research, the high inter-individual variability across lifespan demands using a
sufficiently high number of subjects to obtain relevant results, as demonstrated in
this work. Carrying out a study of the magnitude of this one by single cell RNA-seq
would be technically challenging. These results could however contribute to guide
insightful aging research at the single cell level using the recently described human
heart atlas [297].

In summary, these results confirm well-known aging landmarks in human LV at
the same time that BA-based analysis demonstrates a remarkable potential to unveil
novel cardiac-specific and age-related functional and structural impairments.

2.4.4 Identification of biological age-related miRNAs

The important role of miRNAs in the regulation of human LV aging is shown in
this study. Twenty BIO-AGEmiRNAs are identified by CDKN2A-based analysis,
a 3.3% of the LV miRNome. Similar studies in other tissues reported 8% and
16.8% age-related miRNAs [298, 299]. The more stringent criteria used in this
study could explain this difference. A criterion including all miRNAs with CDKN2A-
based differential expression would have retrieved 51 BIO-AGEmiRNAs (8.4%), but
additional conditions to also account for life-long correlation with age in adulthood
were imposed.

In the literature, a variety of miRNAs have been related to age-induced alterations.
BIO-AGEmiRNA MIR22HG, downregulated with BA in the human LV data, has
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been previously found to be upregulated with CA in mouse heart, neonatal rat
cardiomyocytes and human atria [107, 272]. miR-22 inhibits autophagy [272] and is
essential for stress-induced cardiac hypertrophy in mice [300], both processes involved
in cardiac aging [24]. In the case of the downregulated miRNAs from the MIR17HG
family (miR-17, -18a, -19a, -19b1, -20a and -92a), some of them have been found to be
downregulated in several cellular aging models [301]. Consistent with these findings,
miR-17 has been reported to inhibit senescence in mouse cardiac fibroblasts [302] and
miR-19a and -19b to indirectly inhibit autophagy and apoptosis in human cardiac
fibroblasts. MIR155-HG was found to be upregulated. Interestingly, upregulation of
miR-155 was related to hypertrophy [303], which is tightly related to aging. Other
miRNAs have been shown to play a role in the aging process in previous studies. In
particular, miR-34a has been described to be essential in promoting heart aging in
mice and its expression to correlate with CA in human atria [108]. However, this
miRNA did not emerge in this human LV study.

This study describes the involvement of miRNAs in the aging process and partially
agree with previous reports. Most of the cited studies are based on in vitro or in vivo
research in other species. Animal models, especially the small ones, have remarkable
physiological differences, reduced lifespan and lower exposure to the environment as
compared to humans. All this could account for the observed discrepancies. Also,
differences in the tissue of origin could play a role, like for the human atrium age-
associated mir-34a [108]. Chamber-specific miRNA expression and response to stimuli
are reported in mice [304, 305].

This work remarks the significance of conducting aging studies from human
LV samples, particularly by BA-based analysis, and stresses the need to further
investigate the role of the herein described miRNAs in human systems, like iPSC-
derived cardiac cells.

2.4.5 miRNA-based regulation network of genes involved in
human LV biological aging

In this study, predicted miRNA-target gene regulatory networks specific of human LV
biological aging are built. The network of upregulated BIO-AGEmiRNAs contributes
to the regulation of genes involved in cardiac function to a higher extent than
the downregulated network (72 vs 34 cardiac-related genes). This agrees with the
functional group enrichment results where heart-related processes appear only as
depleted during BA (Figure 17B).

Some of the mirror targets of the upregulated BIO-AGEmiRNA network are
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related to cell-cell communication, a depleted functional group in the CDKN2A-
based GSEA (Table 16, GO:0086065, available at the online publication as Table
S12). Desmosomes provide mechanical continuity in the myocardium by linking the
intermediate filaments of the cytoskeleton between two adjacent myocytes and are
associated with arrhythmogenic cardiomyopathies [306]. JUP, DSC2 and DSP, which
encode proteins of the desmosome, are mirror targets of MIR3916, indicating that
miR-3916 may be responsible for desmosome destabilization during aging. Also,
MIR4435-1HG could participate in this process by downregulating DSP, tightly
involved in conduction [307], an interaction that is proved in vitro in this work. But
lack of MIR4435-1HG increase with BA in this pilot validation data (Figure 21)
questions this regulation axis and asks for further investigation. Also linked to cell-
cell communication and specifically related to conduction, connexin 43 (encoded by
GJA1 ), the main ventricular connexin in the intercalated discs of human LV forming
GAP junctions, is a mirror target of hsa-mir-6080. POPDC2 has been postulated to
have a role in cell-cell communication [308] and this experimental validation shows
its downregulation by hsa-miR-24-2, even if in the LV tissue from living donors its
expression does not significantly change with CDKN2A expression.

Regarding cardiac action potential, two groups are identified as downregulated
in BA-old individuals (“Cardiac muscle cell action potential” and “Regulation of
cardiac muscle cell action potential”), which rely on ion channels. Indeed, from the
72 identified cardiac-related mirror targets, 12 of them encode for ion channels and
KCNQ1, KCNH2 and ATP1A2 tend to decrease with age in living donors. Although
ion channel malfunction can produce ventricular arrhythmias [309], their expression
has been scarcely studied in relation to aging. Only HCN2 has been reported to
be downregulated at the protein level in the senescent rat sinoatrial node [310] and
KCNJ11 to be mildly downregulated with aging in guinea pig hearts [311]. Here, in
agreement with the bioinformatics analysis, preliminary evidence of KCNQ1, KCNH2
and ATP1A2 downregulation with BA in human LV is provided.

Calcium handling, reported to be impaired in old individuals [6], involves many
genes including ATP2A2 (SERCA2 ) and CASQ2, which are mirror targets of MIR24-
2 and MIR3916 (and CASQ2 of hsa-mir-6080). In fact, downregulation of SERCA2
by hsa-mir-24-2 has been validated in vitro in this study and analyzed in samples from
living donors, together with CACNA1C, where the later tends to decline with BA.
The expression of SERCA2 is known to reduce with age in murine cardiomyocytes
and human atrium [6, 102] but seems to remain constant in the data from living
patients. Further research is needed to fully portray SERCA2 expression changes in
the aging human LV. Yet, these results suggest that these BIO-AGEmiRNAs, could
have a role in the altered intracellular calcium management in aged individuals.
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Sarcomeric and cytoskeleton proteins, responsible for the physical contraction
of cardiomyocytes, appear in this regulatory network as downregulated. Although
many studies have connected altered sarcomeric function with age [312], no studies
have so far associated it with specific genes nor specific regulatory mechanisms.
TNNC1, TNNT2, ACTN2, ACTC1, TPM1 are all mirror targets of hsa-mir-6080
and MIR3916. TNNI1 and MYBPC3 (a regulatory subunit of myosin) are regulated
by MIR4435-1HG, while MIR24-2 regulates TTN, TMOD1 and ACTN2.

These last two interactions have been proved in vitro in this work, suggesting that
miR-24-2 could be impairing the contraction process due to their participation in
cytoskeleton-related functions [313, 314]. These results are novel in postulating that,
at the transcriptional level, the expression of sarcomeric or cytoskeletal proteins, and
thus cardiac contraction, could be modulated by BIO-AGEmiRNAs.

The autonomic nervous system has a well-known role in the modulation of heart
function [315] and specifically, α1-adrenergic receptors (encoded by ADRA1A) have
a protective role in cardiomyocytes [316, 317]. Here, ADRA1A expression is demon-
strated to be downregulated by hsa-mir-24-2 and that its tendency is to decrease
with age in living donors, suggesting that this BIO-AGEmiRNA could take part in
the age-related cardiomyocyte damage. In the downregulated BIO-AGEmiRNA net-
work (Figure 19B), there is a remarkably lower number of mirror targets than in the
upregulated BIO-AGEmiRNA network, coinciding with the observation that heart-
related functions are mainly downregulated in biologically old individuals (Figure
17).

In summary, an LV-specific gene regulation network controlled by BIO-AGEmiRNAs
that could contribute to explain age-induced LV impairments is stablished. This study
is in line with previously reported electromechanical alterations in old hearts, but it
settles the need to validate every interaction of the computationally generated net-
work and their effect in vitro or in human systems. This network offers an overview
of miRNA-gene regulation in the aged human LV and sets the basis for future studies
aimed at designing cardiac-specific therapies based on BIO-AGEmiRNAs.

2.4.6 BIO-AGEmiRNAs with potential as biomarkers of LV
aging

The association of circulating blood miRNAs with age has been investigated in
different studies aiming to determine age biomarkers in a non-invasive way [109].
However, most of the studies compare the healthy/diseased or young/old status and
its association with certain miRNAs present in body fluids disregarding the miRNA
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tissue source [318]. This study identifies two age-related miRNAs, MIR4461 and
hsa-mir-490 as highly enriched in the human LV myocardium compared to more
than 20 other human tissues across aging. Both miRNAs are present in plasma
and the plasma levels of miR-4461 correlate not significantly with the ones in LV.
Despite a greater number of individuals would be required to properly assess this
association, this result suggest that cardiac-enriched miRNAs could inform in a
minimally invasive manner about the BA of the heart in body fluids. Specifically,
given the sensitivity and specificity of RNA detection by PCR or other cutting-
edge diagnostic tools, like SHERLOCK [319], cardiac-enriched miRNAs would inform
about accelerated heart aging in individuals whose plasma levels are over average
values of a population chronologically contemporary, even before presenting clinical
sings of heart function decline. This could allow to anticipate specific treatments to
prevent any deleterious effects and improve the wellbeing of many individuals whose
genetics and/or environment hasten their heart aging process. As a conclusion, two
cardiac-enriched miRNAs that could have a significant impact for age-related cardiac
risk prediction as biomarkers are proposed.

2.5 Conclusions

The adequacy for transcriptional analysis of human LV aging based on BA is shown
and the potential of CDKN2A as a BA marker is demonstrated in comparison to
another complex index measuring apparent age based on thousands of genes. Aiming
at finding regulatory molecules of LV aging with potential therapeutic value, this
research proposes 20 BIO-AGEmiRNAs and their associated mirror targets. These
results point to a relevant role of miRNAs in contributing to the regulation of genes
involved in human ventricular structural and functional changes during aging. The
description of LV-enriched age-related miRNAs present in plasma constitutes a major
advance in the proposal of non-invasive biomarkers of accelerated cardiac aging.
This work sets the ground for future studies addressing the development of LV-
specific miRNA-based anti-aging therapies and the assessment of cardiac biomarkers
to stratify the risk for BA-related heart diseases.
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CHAPTER 3

NATURAL AND INDUCED HUMAN CARDIAC
AGING: PROGERIN MRNA DOES NOT

ACCUMULATE NATURALLY, BUT
ACCELERATES AGING IN VITRO

This chapter has been partially adapted from the submitted manuscript entitled
“Natural and Induced Human Cardiac Aging: progerin mRNA does not accumulate
naturally, but accelerates aging in vitro” by García-Mendívil� and colleagues [320].

3.1 Introduction

Age-related changes are observed in the heart at different levels: functionally (e.g.,
deterioration of diastolic function, prolonged QT interval or lower cardiac reserve),
structurally (e.g., left ventricular hypertrophy or vascular stiffening), histologically
(e.g., extracellular matrix remodeling), cellularly (e.g., reduced cardiomyocyte num-
ber or cardiomyocyte hypertrophy) and subcellularly (oxidative stress, altered mito-
chondrial function, increased intracellular complexity and granularity, nuclear dys-
morphia or genomic instability and damage) [24, 26, 29, 321–324]. Changes at the
gene (Chapter 1) and protein expression levels also occur. Examples are the de-
crease in SERCA2 expression [325], increased expression of cell senescence marker
P16 [266] or changes in the expression of sarcomeric proteins (e.g., TITIN, TNNI3,
MYH6/MYH7 balance) [100, 325]. The effects of age in the human heart at structural
and functional levels are well known at the clinical levels. However, the knowledge
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of the molecular and cellular mechanisms responsible for age-related cardiac changes
comes fundamentally from animal models, having thus unknown translational value.
In humans, ethical and practical reasons make longitudinal and mechanistic studies
at cellular and molecular levels unfeasible. Thus, human research at these levels is
scant and mostly cross-sectional, which hampers medical advances towards healthy
cardiac aging.

Animal models of induced aging, like D-galactose-induced aging, have shown simi-
larities with natural aging [192], proving their suitability and time efficiency for aging
research. In humans, Hutchinson-Gilford progeria syndrome (HGPS) is an extremely
rare disease caused by mutations in the LMNA gene, typically LMNA+/G608G, that
is characterized by accelerated aging. This mutation exposes a cryptic splice site in
exon 11 that leads to the expression of a transcript variant with a deletion in exon
11, which codes for a dominant toxic truncated version of lamin A, progerin [326].
Progerin accumulates abnormally in the nuclear envelope causing nuclear morpholog-
ical alterations and abnormalities that lead to changes in heterochromatin structure,
gene transcription, mitosis, DNA replication and DNA repair [257]. HGPS patients
manifest many aging-like phenotypes observed in natural aging, including cardiovas-
cular abnormalities like atherosclerosis, ventricular hypertrophy, cardiac fibrosis or
endothelial dysfunction [258].

Small and large animal models of HGPS have been created [182–184], which
recapitulate cardiovascular damage seen in HGPS patients. They have been even
compared to naturally aged ones. Progeroid mice developed heart failure with similar
cardiac electrical abnormalities as naturally aged mice [183]. Other studies have
shown causal evidence of progerin to induce premature aging, either by inhibiting
progerin in progeroid models or by activating it on healthy animals. For example,
Lee and colleagues [327] showed that a reduction in progerin interaction with lamin
A in progeroid mice led to a decrease in age-related markers, such as the cell
senescence marker P16. In two other studies, specific inducible expression of progerin
in the endothelium or muscle of mice provoked cardiovascular pathology and altered
heart function with age-related features (low heart rate, high QT interval and Ca2+
alterations), respectively [328, 329]. Thus, forced expression of progerin in an
otherwise healthy background also led to age-related features in vivo. Adding to
this evidence, Ashapkin and colleagues [257] reviewed common aging molecular
mechanisms shared between cells affected by the progeria disease and of natural
aging and reported relevant parallelisms. Also, the expression of progerin at the
RNA or protein levels has been reported in non-diseased human tissues [323, 330–
332], including ventricular tissue of healthy young/middle-age individuals [333], and
it is considered to be implicated in physiological aging [323]. Whether progerin
accumulates in myocardium beyond midlife with natural cardiac aging, potentially
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triggering age-related mechanisms, is unknown.

hiPSCs have been used for the molecular and cellular study of the mechanisms
controlling physiology and disease, including the cardiac lineage [203]. As such, they
have been used to study age-related features. Attempts to induce aging to hiPSC-
derived cardiomyocytes (iCMs) have been reported by keeping cells in culture for
a long time [250], changing the extracellular matrix [334] or exposing the cells to
genotoxic agents like doxorubicin [251, 252]. Progerin has been used to induce aging
in neurons to study late onset traits of Parkinson’s disease [255]. But to date, no
progerin-based model of accelerated aging has been established in iCMs to facilitate
carrying out longitudinal and mechanistic investigations of human cardiac cellular
aging.

In this chapter, the expression levels of LMNA and progerin mRNA in human
myocardium from midlife onwards are determined. Also, this work develops and
characterizes a progerin mRNA inducible-expression hiPSC line under the hypothesis
that progerin induction can trigger accelerated aging recapitulating fundamental
molecular and cellular aspects of natural cardiac aging.

3.2 Methods

3.2.1 Collection of left ventricular tissues and RNA extraction

Human transmural LV tissue specimens were collected at Hospital Universitario
Miguel Servet (Zaragoza, Spain) and Hospital Universitario Virgen de la Victoria
(Málaga, Spain) as described in Chapter 2. Also, the clinical characteristics of the
patients were the same as in Chapter 2. A total of 21 LV samples covering age ranges
from 51 to 83 y.o. (Table 19) were used. The samples were processed for RNA
extraction and retrotranscription as described in Chapter 2.

3.2.2 Generation of hiPSC with inducible progerin expression

The hiPSC-MCL#3 master cell line, derived from Bj1 fibroblasts that contained
flippase recognition target (FRT) sequences in the AAVS1 locus [335], was used to
generate a progerin mRNA doxycycline-inducible cell line by flippase recombinase
mediated cassette exchange. The progerin mRNA donor vector was created using
standard molecular cloning by replacing the tandem dimer Tomato reporter from
the pZ:F3-P (cHS4)X4 TetOn 3f-tdT-F vector [335, 336] by the coding sequence of
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progerin (Figure 25). The progerin mRNA was obtained from the pLPC-Progerin
vector, a kind gift from Gerardo Ferbeyre (Addgene plasmid #69061) [337].

Table 19. Left ventricle tissue donors.

Donor code Hospital Gender Age
R406 Zaragoza M 71
R408 Zaragoza M 78
R409 Zaragoza M 65
R412 Zaragoza F 57
R413 Zaragoza F 74
R414 Malaga F 68
R415 Malaga M 72
R417 Malaga F 65
R419 Malaga M 59
R423 Zaragoza M 68
R424 Zaragoza M 73
R436 Malaga M 51
R437 Malaga M 75
R438 Malaga M 78
R440 Malaga M 70
R444 Zaragoza M 67
R446 Zaragoza F 76
R448 Zaragoza M 70
R449 Zaragoza M 83
R491 Zaragoza M 62
R492 Zaragoza M 64

3.2.3 Culture of hiPSCs and differentiation to cardiomyocytes

hiPSCs were cultured on hESC qualified matrigel-coated plates (45354277, CULTEK,
Spain) in E8 medium (05990, Stem Cells Technologies, Canada). At approximately
90% confluency, hiPSCs were collected using EDTA 0.5 mM (15575020, Thermo
Fisher, USA) and seeded at a cell density of 84000 cells/cm2 on hESC qualified
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Figure 25. Doxycycline-inducible progerin expression cassette for recombinase
mediated cassette exchange to generate the hiPSC-progerin mRNA line. Het-
erotypic FRT sequences (triangles) flank the construct formed by a T2A-led promoterless
(SA, splicing acceptor) puromycin selection unit (5’ side) and a doubly insulated unit (purple
arrows) that contains the tetracycline inducible expression system that express the 3FLAG
(FL)-progerin (coded by progerin mRNA).

matrigel coated plates with 5 µM Rock Inhibitor (72304, Stem Cells Technologies,
Canada). hiPSCs were differentiated into iCMs following the GiWi protocol by Lian
and colleagues [338] using 9 µM CHIR (SML1046, MERK Life Sciences, Germany)
and 48 hours incubation with 5 µM IWP2 (3533/10, Biotechne R&D System, USA).
In some experiments, cardiomyocytes were expanded using the protocol developed by
Buikema and colleagues [339, 340].

After differentiation into iCM (day 16 after differentiation onset), induction with
doxycycline at 0.5 µg/mL was carried out for 6 or 16 days. The cells were subsequently
collected for downstream characterization analysis.

3.2.4 Flow cytometry

iCMs were detached using TrypLE Select (10X) without phenol red (A1217701,
Thermo Fisher, USA), washed once with PBS and fixed with 4% PFA (sc-281692,
Biogen Cientifica, Spain) for 15 minutes at 4ºC. Cells were then resuspended in block-
ing buffer (PBS, 10% donkey serum (S30-100ML, EMD Millipore, USA) and 0.1%
saponin (558255-100GM, EMD Millipore, USA)) at 5x106 cells/mL and incubated
15 minutes at room temperature. Then, the conjugated antibody TNNT2 (565618,
BD Biosciences, USA) at 1ug/ml was added and incubated 15 minutes in darkness at
room temperature. iCMs were washed with PBS with 0.1% saponin and resuspended
in PBS for analysis in a Gallios 10 cytometer (Beckton Dickinson, USA).

3.2.5 Immunofluorescence in cell cultures

For immunostaining, iCMs were detached using TrypLE Select (10X) without phenol
red (A1217701, Thermo Fisher, USA) and seeded on cover slips at 1.5x104 cells/cm2.
Cells were fixed with 4% PFA (sc-281692, Biogen Cientifica, Spain) for 20 minutes at
4ºC after removing the medium and washing once with PBS. Then, undiluted protein
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block (X0909, Agilent, USA) was added for 25 minutes followed by 3 washes with
PBS and 15 minutes permeabilization of 0.1% Triton X-100 (142314.1611, PanReac
AppliChem, USA). The primary antibodies γ-H2AX 1:200 (Ab22551, Abcam, UK)
and FLAG (1:100, F1804, Sigma Aldrich, USA) diluted in 0.1% Triton-PBS were
incubated overnight at 4ºC. The following day, secondary antibody Alexa Fluor 555
goat anti-mouse (A21424, Thermo Fisher, USA) in 1:1000 diluted in 0.1% Triton-
PBS was added for 30 minutes in darkness followed by 20 minutes incubation in
darkness with DAPI 3 µM (ab228549, Abcam, UK) diluted in PBS. After staining
with primary and secondary antibodies and DAPI, 3 washes of 5 minutes with PBS
were applied. Finally, samples were mounted on glass slides (AAAA000080, Thermo
Fisher, USA) with fluorescent mounting medium Fluoromont-G (00-4958-02, Thermo
Fisher, USA).

After staining, images were acquired using Carl Zeiss LSM 880 confocal microscope
(Carl Zeiss, Germany). The image acquisition parameters were kept constant for each
analyzed marker among samples.

3.2.6 Image processing and analysis

Image processing was performed to quantify the amount of nuclear γ-H2AX sig-
nal. Original CZI 16-bit images were handled with ZEN Blue software (Carl Zeiss,
Germany). The orthogonal projection was applied and the raw (unadjusted) 16-bit
grayscale images were exported as TIFF files. To obtain contrasted 16-bit depth
DAPI images, the exported TIFF file was adjusted in ImageJ 2.5.0 using the “best
fit” values retrieved from ZEN Blue software. Next, a binary mask for DAPI sig-
nal was obtained by thresholding using the open software MARTA [341]. Regarding
γ-H2AX, the original 16-bit images exported from ZEN were used. A script in MAT-
LAB was developed to analyze all the images at once to obtain the amount of nuclear
DNA damage, determined as amount of γ-H2AX signal (γ-H2AXa). That is, the
pixel intensity (PI) for each image was calculated as the sum of the intensity of the
pixels in the original 16-bit γ-H2AX image that colocalized with the DAPI binary
mask (PIγ−H2AX) divided by the total number of pixels in the DAPI binary mask
(NPDAPI):

γ−H2AXa =
PIγ−H2AX

NPDAPI
(3.1)

Every doxycycline-induced condition was normalized with its untreated control (cor-
responding to the same differentiation experiment).
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3.2.7 Analysis of mitochondrial dynamics and intracellular
ROS by superoxide indicator staining

iCMs were dissociated with TrypLE Select (10X) (A1217701, Thermo Fisher, USA)
and incubated for 30 minutes at 37ºC with either 50 nM of Mito Tracker Green
FM (M7514, Thermo Fisher, USA) or 12.5 nM of the superoxide indicator dihy-
droethidium (hydroethidine) (D1168, Thermo Fisher, USA). Afterwards, cells were
centrifuged, resuspended in PBS and fluorescence was immediately measured using a
Gallios 10 Flow Cytometer (Beckman Coulter, USA). The Median Fluorescence In-
tensity (MFI) was calculated for each sample and relative to their untreated control.

3.2.8 Gene expression analysis: transcriptomic data and
quantification by qPCR

Transcriptomic data obtained from the GTEx database and differential gene expres-
sion analysis described in Chapter 2 were used to obtain the fold change expression
between old and young individuals, based on both CA and AppAge, of a number of
selected genes.

Figure 26. Primers design for LMNA and progerin mRNA gene expression
assays in the human left ventricle. Diagram depicting the qPCR strategy used to
quantify LMNA and progerin mRNA.

qPCR was made in a Viia 7 Real-Time PCR System (Applied Biosystems, USA)
using Power SYBR Green PCR Master Mix (4309155, Thermo Fisher, USA) or iQ
Multiplex Powermix (1725848, BioRad, Spain) and oligonucleotides and a probe
described in Table 20. Transcript variant-specific oligonucleotides were designed
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to discriminate between LMNA and the progerin mRNA (Figure 26). Technical
triplicates were performed for each sample and POLR2A expression was used for
normalization [285]. LMNA and progerin mRNA expression levels were calculated
as 2−∆Ct while relative gene expression between induced and non-induced conditions
was determined by 2−∆∆Ct or fold change expression for all other genes.

3.2.9 Statistical analysis

As described in Chapter 2, Spearman correlation analysis was used to test the strength
and direction of association between two variables. Mann-Whitney test was used to
assess differences between two independent groups. In this chapter, the significance
threshold was maintained at 0.05 for the analysis of human donor data, but it was
established at 0.1 for the analysis of in vitro experiments due to reduced number of
samples from independent experiments, and so, statistical power. Unless otherwise
indicated, data are presented as mean ± SEM.

Table 20. Oligonucleotides used for qPCR.

Gene Forward primer sequence Reverse primer sequence Probe

ACTN2 CATCAGAATCAGCTCAAGCAAC ACGAGTTGCTTCACCTTGTC

DSP GATGCTTACCAGAAAAGGCTTC GGACACTGATGGCTTTATAAAGG

KCNH2 ATCCCCTTCGACCTGCTC CAGCCCGATCAGCTCCTC

KCNN2 GGTCTGATCATCGTGTACCA GCTATTCTCCAGTCATCTGCTC

LMNA CCTACCTCCTGGGCAACTC AGGTCCCAGATTACATGATGC

progerin
mRNA

GCTGAGTACAACCTGCGCT TTCTGGGGGCTCTGGGCT

MYH6 CGTGTCTCAGGGAGAGGTG GCACGTCAAAGGCACTATCG

POLR2A CTCCCTCATCATACCTGGTCA CATTCTCCACCACCACCTTG

SCN5A AGTCAGCGTCCTCACCAG GCGAGACTCCTCTAACTCTTCC

SERCA2 GGTGCTGAAAATCTCCTTGCC CGGTTACTCCAGTATTGCAGGT

POLR2A GGTCACATCAATTGTATCCGTACC CATTCTCCACCACCACCTTG CAGCACCCATCCCGATGATGAAGA

CDKN2A GGAAGGTCCCTCAGACATC GCAGTTGTGGCCCTGTAG AGGCTCTGAGAAACCTCGGGAAACT
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3.3 Results

3.3.1 Progerin mRNA is barely expressed in the human LV
and has weak correlation with age

To assess whether progerin mRNA expression is altered in natural aging in the
human heart, particularly from midlife onwards where the effects of age become
physiologically more evident, its expression was quantified in human healthy LV
tissues of 21 donors with age ranging from 51 to 83 years old (Figure 27). Progerin
mRNA showed a non-significant tendency to increase with age in relation to CA (Rho
coefficient of 0.24) (Figure 27A) or the transcriptomic BA marker of human LV
CDKN2A, described in Chapter 2 (Figure 27B). Similarly, LMNA expression levels
tended to increase with CA (Rho coefficient 0.26), although non-significantly (Figure
27C). LMNA expression level had a stronger correlation with the transcriptomic BA
marker CDKN2A that neared significance (Figure 27D). Progerin mRNA was nearly
1000-fold less expressed than LMNA, but a strong significant correlation between the
two transcripts was found (Rho coefficient of 0.74) (Figure 27E-F). The correlation
persisted even after removing the data point with an extremely large value of LMNA
expression (Figure 27G).

3.3.2 Generation of a hiPSC cell line for inducible expression
of progerin

Using the hiPSC-MCL#3 cell line with FRT docking sites, recombinase mediated cas-
sette exchange [335] was used to create the hiPSC-progerin mRNA line. Specifically,
a copy of the coding sequence of a 3FLAG-tagged progerin was introduced into the
AAVS1 locus under the control of a tetracycline responsible promoter (Figure 25).
Induction with 0.5 µg/mL of doxycycline in iCM for 6 days led to fairly homogeneous
progerin expression (monitored by 3FLAG immunostaining) (Figure 28A). TNNT2
expression was used to monitor the homogeneity of the differentiation towards the
cardiac lineage. Differentiations with iCM purity above 85% TNNT2+ were only used
in this study (Figure 28B).
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Figure 27. Quantification of LMNA and progerin mRNA in the human left ven-
tricle. A) Correlation between progerin mRNA expression levels (2−∆Ct) and chronologi-
cal age and B) CDKN2A expression levels (2−∆Ct). Correlation between LMNA expression
levels (2−∆Ct) and chronological age (C) and CDKN2A expression levels (2−∆Ct) (D).
E) Gene expression levels of LMNA and progerin mRNA(2−∆Ct). F) Correlation between
LMNA and progerin mRNA expression levels (2−∆Ct). G) Correlation between LMNA and
progerin mRNA disregarding an outlying donor. Spearman correlation coefficients (Rho)
and p-values (p) are shown. *p-value < 0.1, **p-value < 0.05, ***p-value < 0.01 and ****p-
value < 0.001.
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Figure 28. Generation of hiPSC with inducible expression of progerin and differ-
entiation to cardiomyocytes. A) Representative image of progerin expression immunos-
taining monitored by 3FLAG staining in hiPSC-progerin mRNA-derived cardiomyocytes in
doxycycline treated (right) and untreated (left). B) Representative flow cytometry data
of TNNT2 expression in undifferentiated hiPSC-progerin mRNA and in hiPSC-progerin
mRNA-derived cardiomyocytes after 16 days of differentiation.

3.3.3 Progerin expression leads to the detection of aging land-
marks in iCMs

Next, the effects of the inducible expression of progerin in committed iCMs from
the hiPSC-progerin mRNA line on well-established markers of natural aging were
investigated. Two timepoints of induction, 6 and 16 days, were selected based on
previous studies [255]. DNA damage in response to progerin expression was evaluated
by determining the amount of γ-H2AX signal. After 6 days of induction, a small
but significant increase in DNA damage was observed compared to the uninduced
control. However, this effect was much greater after 16 days induction of progerin,
when a significant increase in γ-H2AX-related DNA damage of 78% was observed
(Figure 29A). Morphologically, an increase in the complexity of iCMs was observed,
even if not quantified. Finally, a functional characterization of mitochondrial activity
and ROS production was performed. Progerin expression did not lead to decreased
mitochondrial mass after 16 days with doxycycline doses of 0.5 µg/mL. However
higher non-toxic dosages showed a significant reduction (Figure 29B). In agreement
with the decreasing mitochondrial mass, ROS production diminished with a similar
trend, being significantly lower at dose 2.5 µg/mL (Figure 29C).
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Figure 29. Characterization of aging hallmarks in hiPSC-progerin mRNA-
derived cardiomyocytes. A) Quantification of γ-H2AX-related DNA damage after 6
(i-6d) and 16 (i-16d) days of progerin induction with 0.5 µg/mL of doxycycline relative
to untreated cells. Red line represents the untreated condition. B) Quantification of
mitochondrial mass (Median Fluorescence Intensity, MFI) relative to untreated cells in 16
days induced cultures. C) Quantification of ROS production (Median Fluorescence Intensity,
MFI) relative to untreated cells in 16 days induced cultures. n≥3 for A-C. Non-parametric
Mann-Whitney test was used to compare the untreated condition versus progerin induced
ones. *p-value < 0.1, **p-value < 0.05 and ***p-value < 0.01.

3.3.4 Progerin induces gene expression changes in iCM that
mimic age-related changes in human LV

Next, this work investigated whether progerin can induce cardiac-specific gene ex-
pression changes that recapitulate observations from human tissue. Cardiac-related
genes whose expression changed with both CA and AppAge (in this case all signif-
icantly related to AppAge) were selected based on the transcriptional dynamics of
human LV (with a focus on genes involved in cardiac function) described in Chap-
ter 2. The selected genes were ACTN2, MYH6, SERCA2, DSP, KCNN2, KCNH2
and SCN5A. ACTN2 (alpha actinin 2) anchors myofibrillar actin thin filaments and
titin to Z-discs of the sarcomere, key for cardiac contraction. MYH6 is the alpha
heavy chain subunit of cardiac myosin, and it is involved in cardiac contraction too.
SERCA2 transports Ca2+ ions from the cytosol back to the SR following muscle
contraction and it is crucial for Ca2+ handling and contraction. DSP is the desmo-
plakin, the fundamental desmosomal protein involved in cardiac force transmission.
KCNN2, KCNH2 and SCN5A are ion channels involved in the cardiac action poten-
tial. All these genes decreased significantly with AppAge in the LV of old individuals
as compared to young ones and all, significantly or not, with CA (Figure 30). Gene

86



Chapter 3. Progerin mRNA in natural and induced cardiac aging

expression analysis in iCM overexpressing progerin for 6 or 16 days mainly replicated
the in vivo age-related changes. DSP augment was observed after 6 days induction,
but its expression was reduced after 16 days. ACTN2, SERCA2, KCNN2, KCNH2
and SCN5A showed reduced expression for both timepoints, being at least one of
them significantly reduced as compared to untreated controls. MYH6 decreases at
both timepoints, but non-significantly in any case (Figure 30).

Figure 30. Quantification of the gene expression levels of cardiac genes on
hiPSC-progerin mRNA-iCM after progerin expression. Natural aging (Na) refers
to the analysis of RNAseq transcriptomic data in which gene expression from old versus
young individuals by chronological age (Age) and biological age (AppAge) are reported.
Fold change is calculated as 2log2Ratio comparing old versus young individuals. Accelerated
aging (Aa) refers to relative gene expression calculated as fold change (2−∆∆Ct) in iCM
after 6 (6d) or 16 (16d) days of progerin induction with 0.5 µg/mL doxycycline referred to
the non-induced condition. Red line represents the untreated condition (n≥3). *p-value <
0.1, **p-value < 0.05, ***p-value < 0.01 and ****p-value < 0.001.
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3.4 Discussion

3.4.1 Presence of progerin mRNA in the human LV

In this work, the spontaneous presence of progerin mRNA in the human heart is
confirmed, which is in agreement with previous studies [333]. Progerin mRNA is
expressed almost 1000 times less than the native LMNA in the human LV. These
large differences between expression levels have also been reported for other human
tissues [330, 331]. The data shows a slight tendency of progerin mRNA and LMNA
to increase with CA and CDKN2A BA indicator, with this relation being only nearly
significant for LMNA and BA, possibly in relation to the better capacity of BA to
describe age-related transcriptomic changes, as reported in Chapter 2.

The high correlation between both splice variants indicates that the rate of
alternative processing of progerin mRNA from LMNA keeps constant with age from
midlife to elder age in human myocardium. Thus, a shift towards the increased
production of the progerin mRNA does not seem to occur with age, contrary to what
is reported in HGPS patients where progerin mRNA also increases with age [342, 343].
This is likely due to the weakness of the cryptic splice donor site in healthy individuals
and the absence of age-related changes in splicing in this locus as compared to HGPS
patients. Thus, this data suggests that due to its low expression levels at the mRNA
levels, progerin is unlikely to be a key effector of natural aging in the human heart in
old age unless it accumulates irreversibly in, for example, the cardiac postmitotic cells,
namely cardiomyocytes. Recent studies in mice report a lower turnover of progerin
with respect to lamin A and its selective accumulation in the cardiovascular system
with respect to other organs [344]. Whether this is an existing process in the human
heart requires further investigation.

3.4.2 Progerin inducible expression model of iCM aging

Based on the existing evidence that progerin induces premature aging and shares
molecular mechanisms [257, 326, 345] and cardiovascular changes with natural aging
[258], a progerin-inducible expression hiPSC line to promote accelerated aging in iCMs
was developed. Until now, studies on accelerated aging in iCMs have used hiPSCs
from HGPS patients [346, 347]. In contrast, our model relies on progerin activation
after iCMs commitment, thus separating the effects of progerin-mediated induction
from those intrinsic to HGPS disease in terms of constitutive progerin expression. This
model is expected to allow thorough analysis of the molecular mechanisms triggered
by progerin and its accumulation in the nuclear envelope in non-diseased cells already
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committed to a specific cell lineage. This will lead to novel insights into the molecular
dynamics of laminopathies at a cell lineage dependent-level, here cardiomyocytes, but
also into the study of age-related mechanisms, given the well-established causality of
progerin in premature aging [327–329].

Several approaches to create aged iCMs have been reported, like doxorubicin
treatment [251, 252] or prolonged cell culture time [250]. Doxorubicin is a highly
genotoxic chemotherapeutic whose main side effect in oncology patients is a dose-
dependent life-threatening cardiotoxicity [253]. Doxorubicin’s molecular target is
topoisomerase II, a key regulator of genomic stability, but doxorubicin also contributes
to cardiac energy starvation, cell death and increased ROS production, which leads
to cardiac muscle dysfunction and heart failure [254]. Lazzarini´s model [251], based
on doxorubicin treatment of iCM, recapitulated aging landmarks as well as some age-
related cardiac features. Whether the doxorubicin-triggered mechanisms follow the
pathways of physiological aging or represent cardiotoxic-specific damage, in contrast
to progerin-induced mechanisms, remains to be elucidated. On the other hand, four
months in culture of iCM led to the recapitulation of some aging landmarks and age-
related cardiac mechanisms [250]. However, the time required to obtain representative
aging effects in vitro in cardiomyocytes without external pressure might make this
approach impractical. Basically, in vivo cardiomyocytes do not proliferate and thus
accumulate age-related damage over a lifetime. As an alternative to these approaches,
progerin induction actively initiates processes that in vivo lead to premature aging
phenotypes in multiple organs and at the organismal level.

The iCM progerin-inducible model was associated with aging hallmarks. En-
hanced DNA damage and an apparent increase of cellular complexity, were present
after progerin induction for 6 and/or 16 days as compared to non-induced cells. At the
doxycycline tested dose, mitochondrial abnormalities and, thus, concomitant alter-
ations in ROS production, were not observed after 16 days induction. However higher
doses led to the appearance of such age-related marks after 16 days, indicating that
either longer treatments or higher induction levels might better recapitulate aging sig-
natures. Still, results of this study allowed to confirm that progerin induction in iCMs
reproduced fundamental aspects of aging, suggesting that this approach leads to the
generation of prematurely aged human CMs in vitro. Subsequently, cardiac-specific
features found to change with natural aging in human LV at the transcriptomic level
were characterized. The observed decrease in SERCA2 found in the human LV data
and aged iCMs agrees with previous studies in which a reduction in SERCA2 expres-
sion with age was reported in the human myocardium [102] as well as in animal models
[348], which can lead to age-associated diastolic dysfunction [102, 349]. Mutations
in DSP, ACTN2, MYH6, KCNN2, KCNH2 and SCN5A have been associated with
different cardiac diseases including hypertrophic cardiomyopathy, long QT syndrome
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type or Brugada syndrome and other cardiac conditions associated with high risk
for ventricular arrhythmias or fibrosis [350–355], supporting the significance of these
genes in cardiac function. The in vitro data mimics observations in human tissue
with CA and, more importantly, BA, thus reinforcing the validity of this accelerated
aging model. These results also support the hypothesis that data based on BA can
be more faithfully translated into in vitro accelerated aging systems and vice versa.
This is relevant to the establishment of predictive longitudinal human aging models
to perform translational mechanistic investigations that are otherwise not feasible in
humans and that provide novel molecular insights. Indeed, this model system sup-
ports further functional studies on age-related changes in sarcomere function, cellular
connectivity and electrophysiology.

3.5 Conclusions

This study rules out an imbalance in progerin mRNA processing relative to LMNA
leading to its accumulation beyond midlife in human myocardium. This implies
that, most likely, progerin is not pivotal in triggering physiological cardiac aging.
On the other hand, in vitro progerin induces both general and cardiac-specific age-
related features in iCMs that mimic changes observed in human ventricular aged
myocardium. Thus, although progerin might not be key in natural cardiac aging, its
pathological effects seem to replicate pathways of cardiac natural aging in vitro, in
agreement with common knowledge derived from HGPS research [257]. In the future,
this model can be used as a basis to perform longitudinal studies of human cardiac
aging that overcome the limits of transversal studies in humans to identify possible
anti-aging targets. Moreover, the progerin mRNA hiPSC cell line generated here
could be applied to any cell lineage to obtain aged models of neurons or hepatocytes,
among others.
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CHAPTER 4

ANALYSIS OF AGE-RELATED LEFT
VENTRICULAR COLLAGEN REMODELING IN

LIVING DONORS: IMPLICATIONS IN
ARRHYTHMOGENESIS

This chapter has been partially adapted from the publication “Analysis of age-related
left ventricular collagen remodeling in living donors: implications in arrhythmogene-
sis” by García-Mendívil� and colleagues [356].

4.1 Introduction

As described in Chapter 1, age-induced accumulation of myocardial interstitial fibrosis
leads to cardiac mechanical and electrical dysfunction and is commonly associated
with CVDs, the foremost cause of death worldwide [67, 357]. The extracellular
matrix is a key component of the myocardium that contributes to its biomechanical
behavior. Within the protein network, collagen fibrils are principal constituents that
provide support to the contractile machinery. From animals studies, it is known that
while collagen helps to maintain myocardial structure in healthy young hearts, the
increased collagen content in aged hearts, together with additional age-related cardiac
remodeling, reduces cell-to-cell coupling and impedes normal electrical propagation,
facilitating arrhythmias [81, 358]. Not only the amount of collagen, but also its spatial
distribution and architecture, play a role in impulse conduction and arrhythmogenesis
[77, 80, 81, 359].
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In human hearts, macroscopic fibrosis is evaluated in vivo mainly by non-invasive
cardiac magnetic resonance imaging (CMRI) [360]. Strong dependence of magnetic
resonance fibrosis markers on age [361] and correlation with ventricular arrhythmias
and sudden cardiac death [362] have been reported. However, CMRI and other non-
invasive methods do not possess cellular or subcellular resolution [363]. The lack of
microscopic definition hinders structural investigations at the histological level that
could provide insight into fibrosis-related arrhythmogenic mechanisms. Histological
evaluation of collagen is commonly performed by immune detection or histochemical
procedures, like Masson’s trichrome or Picrosirius red staining, but these techniques
can disrupt the collagen fibrils and thus hamper structural analysis. Also, the
automatic quantitative analysis can be affected by the variability that the staining
procedures can introduce on the color balance of the staining due to technical issues
such as changes in the chemical formulations of the stains or the protocol used for
sample fixation and storage.

Fibrillar collagen is non-centrosymmetric and has a remarkable non-linear poten-
tial, thus being capable of generating very bright second harmonics. Second-harmonic
generation (SHG) microscopy exploits this property to specifically investigate the col-
lagen matrix in different tissues. SHG microscopy has a label-free nature [364] that,
besides providing highly specific signal, it is an interesting feature when tissue sam-
ples are scarce, as those from human LV biopsies from living donors, as it does not
consume sample. Also, it has submicron resolution [365], which enables structural
analysis of collagen organization, rather than just amount quantification. Assessment
of collagen deposition in the human heart by SHG microscopy has been mostly evalu-
ated from atrial tissues [366, 367], while information from the human LV is scant [368,
369]. In addition to the described SHG characteristics, its specificity and resolution
enable the development of precise methods for (semi-)automatic quantification [370,
371]. Currently employed methods for fibrosis characterization from SHG images
study mainly collagen fiber alignment and the degree of isotropy [367, 371, 372]. A
few works in the literature also characterize its spatial distribution [373, 374], but as
far as I know none of them in relation to myocardial fibrosis.

To the best of my knowledge, the amount of age-related collagen deposition in
the human LV has been analyzed in very few studies using standard histochemical
techniques [72, 73]. Comparisons were carried out between young (twenties) and
elder (from sixties to eighties) individuals, thus leaving unresolved the age ranges of
clinical relevance related to increased arrhythmic risk [375]. In addition, such studies
disregard collagen organization. In agreement with the results of these studies, in
Chapter 2 the age-related increase in total LV fibrosis in comparable age-ranges is
reported. These results suggested that accounting for the aging rate by transcriptomic
BA better explained the increased fibrosis as compared to CA. Thus, histological BA
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could also yield a more precise understanding of the dynamics of collagen deposition
in the aging human LV. This is of special interest from midlife onwards, where changes
in fibrosis could be expected to be more variable and clinically relevant than in youth,
given the cumulative action of genetics and/or environment over time. Detection of
increased fibrosis during middle-age could be critical for early application of anti-
fibrotic therapies, even at stages of subclinical evidence, as a strategy to prevent
fibrosis-related ventricular arrhythmias and sudden cardiac deaths. Further studies
on collagen deposition from middle-age onwards are needed. Also, characterization of
age-related LV myocardial fibrosis as an arrhythmogenic substrate has been mostly
studied in animal models [376] or using numerical methods to simulate general fibrosis
characteristics [359], but not using patient-specific models representative of cardiac
tissue images.

In this chapter, transmural LV tissue sections from young, adult and old pigs as
well as middle-age to elder humans are analyzed by SHG microscopy. An automated
method is developed to quantify the amount, aggregation and spatial distribution of
collagen, the two latter ones based on a new variable to measure collagen assembly. To
account for the fact that the aging rate highly varies among individuals, these three
features are evaluated not only as a function of CA but also in relation to the amount
of the aging pigment lipofuscin [49]. Subsequently, the results from the experimental
collagen characterization are introduced into two-dimensional computational models
of human LV electrophysiology and the impact of collagen characteristics in electrical
propagation and pro-arrhythmicity is assessed, obtaining improved assessment of the
effect of fibrosis as a substrate for cardiac arrhythmia generation.

4.2 Methods

4.2.1 Collection and processing of left ventricular tissues

Pig transmural LV tissue specimens were collected from young female pigs (12-16
weeks old, 35 kg, n=7) at the Experimental Surgery Service of the Biomedical
Research Center of Aragón (CIBA, Zaragoza, Spain), adult male and female pigs
(6 months, 110 kg, n=8) at Mercazaragoza slaughterhouse (Zaragoza, Spain) and
boars (4-5 years old, 300 kg, n=11) at The Pink Pig slaughterhouse (Zuera, Spain).
The samples were obtained 10-15 minutes after the sacrifice using a disposable 14
G tru-cut biopsy needle (Bard Mission 1410MS, Bard). All animal experiments
complied with the regulations of the local animal welfare committee for the care and
use of experimental animals and were approved by local ethics authorities (Ethics
Committee on Animal Experimentation, CEAEA, of the University of Zaragoza). All
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animal procedures conformed to the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for scientific purposes.

Human transmural LV tissue specimens were collected at Hospital Universitario
Miguel Servet (Zaragoza, Spain) following the procedure described in Chapter 2.
Also, the clinical characteristics of the patients (n=26) were the same as in Chapter
2. The specimens were transferred to 4% paraformaldehyde fixative solution for 1h
at 4◦C and stored in 0.01% sodium-azide in PBS at 4◦C until embedded in paraffin
blocks. Tissue sections of 5 µm were mounted on microscope slides for SHG analysis.
For comparison purposes, two age groups were established: middle-age (54.8±4.97,
n=5) and elder (75.92±3.0, n=12). For correlation analysis, samples from all the
individuals were used.

4.2.2 Non-linear optical microscopy

SHG microscopy was used to quantitatively assess collagen deposition in LV tissue
samples combined with two-photon excitation fluorescence microscopy to detect cellu-
lar and lipofuscin autofluorescence. A Zeiss LSM 880 (Carl Zeiss, AG, Jena, Germany)
mounted on the rear port of an Axio Observer.Z1 stand was employed. Excitation
was provided by a femtosecond pulsed laser (Mai Tai DeepSee, Spectra-Physics, CA,
USA) tuned to a central wavelength of 810 nm, passed through an acousto-optic mod-
ulator and coupled into the LSM880 scanhead. The laser light was directed to the
sample using a 760 nm shortpass dichroic mirror (MBS 760+) and ∼80 mW average
power was focused on the sample through a plan-apochromat 20x objective (NA 0.8,
Carl Zeiss, AG, Jena, Germany). Throughout the experiments, images were acquired
with a bit depth of 16 bits, used a constant pixel dwell time of 4.48 µs, unidirectional
scanning and a zoom factor of 1.3 that resulted in a constant square pixel size of 170
nm x 170 nm when imaging with a resolution of 1872 by 1872 pixels to fulfill Nyquist
criterion. For samples larger than a single field of view, a tile scan was performed to
cover the complete sample with 10% overlap between the tiles to enable a seamless
stitching of these tiles.

To facilitate fast acquisitions of large samples, three channels were simultaneously
recorded with a fully opened pinhole, using the 34 channel QUASAR spectral detector
unit (2 PMTs (Ch1 and Ch2) + 32 channel GaAsP array (ChS1)). SHG signal was
detected in Ch1 (PMT, wavelength range 380-420 nm, detector gain 750, digital
offset 256). Cellular autofluorescence was detected using ChS1 (32 channel GaAsP
array, wavelength range 500-552 nm, detector gain 680, digital offset 64). Lipofuscin
autofluorescence was detected in Ch2 (PMT, wavelength range 650-735 nm, detector
gain 750, digital offset 256).
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4.2.3 Masson’s trichrome staining

Masson’s trichrome staining was performed after SHG. Briefly, 5-µm-thick deparaf-
finized sections were stained with hematoxylin for 5 minutes. The slides were sub-
sequently washed and, following 5 minutes of ponceau/fucsine solution and washing,
phosphomolybdic acid 1% was applied for 5 minutes. Collagen was stained with
Aniline Blue Solution for 8 minutes, following which phosphomolybdic acid 1% was
applied again for 5 minutes. Finally, the sections were rinsed in acetic acid 1% for
1 minute, before dehydrating and mounting in DPX mounting medium. Slides were
left to dry overnight and were evaluated using a Leica DM5000B microscope (Leica
Microsystems, Germany).

4.2.4 Image processing for evaluation of collagen amount, ag-
gregation and spatial distribution

Original images (czi format) were exported as 16-bit TIFF images using Zen blue
software (Carl Zeiss, Jena, Germany), with each detection channel in a different
channel. Images were processed for automatic brightness scaling using ImageJ [377]
and to remove isolated image segments, e.g., fluorescence artifacts or areas of clear
perivascular fibrosis, before the quantitative analysis.

An in-house MATLAB v2020b user interface was developed to characterize the
amount and distribution of collagen in the collected SHG microscopy data. From the
16-bit TIFF image, myocardial tissue (blue channel) and SHG signal (green channel)
were extracted and converted into gray-level images. A binarization filter was applied
to each of these gray-level images to generate binary masks for both myocardial tissue
and SHG signal. Empty spaces in the myocardial tissue mask with less than 20 pixels
were filled, and tissue segments with less than 15 pixels were associated with artifacts
and discarded. For the SHG binary mask, isolated regions with less than 15 pixels
were identified as correspondent with noise artifacts and were removed. SHG signal
contained both myosin and collagen signals, being collagen the SHG signal that does
not colocalize with the myocardial tissue. This lack of colocalization was used to
obtain the collagen mask from the SHG mask. The image processing procedure
developed renders tissue masks that faithfully represent the outcome obtained by
standard Masson trichrome staining (Figure 31).
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Figure 31. Collagen evaluation in SHG images using an automatic method. A)
Unprocessed SHG image (green) and autofluorescence (blue) levels of an LV tissue specimen.
B) Extracted tissue mask obtained from the tissue autofluorescence signal. C) Collagen
mask obtained by subtraction of autofluorescence to SHG signal. D) Merge of collagen
(green) and tissue (blue) masks. E) Masson trichrome staining of a serial section of the
sample shown in A.
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From the myocardial tissue and collagen masks, the percentage of collagen, Pc,
was estimated as the number of activated pixels in the collagen mask (Nc) divided by
the sum of activated pixels in the myocardial tissue (Nm) and the collagen masks:

Pc = − Nc

Nc +Nm

100 (4.1)

From the collagen mask, the global clustering degree was calculated as the number
of collagen pixels surrounded by collagen pixels in a circle of 2-pixel radius divided by
the total number of collagen pixels. Additionally, a relative clustering measure was
estimated as the product of percentages of collagen and clustering degree and it was
expressed as per ten thousand (‱).

Furthermore, the spatial distribution of collagen clusters was obtained by win-
dowing the collagen mask into 500x500 pixel subimages and calculating the collagen
clustering in each of these subimages. An additional filter was applied to set a min-
imum number of pixels in any given subimage for it to be included in the analysis,
and the threshold was set to 200 pixels. For the histogram of clustering degrees in
all subimages of an image, the clustering distribution median was calculated as the
median of the distribution, and the clustering distribution dispersion was estimated
as the interquartile range of the distribution.

The pixel radius for global clustering, the window size for the spatial distribution
of collagen clustering and the threshold for subimage acceptance were determined
empirically. A 2-pixel radius, a window of 500x500 pixels and a threshold of 200
pixels were found to be adequate for evaluation of global collagen aggregation and its
spatial distribution.

The reason for choosing a radius of 2 pixels was that clustering analysis using a
smaller radius (radius of 1 pixel) led to almost every pixel of collagen being recognized
as a cluster itself; with higher radius values (radius of 3-4-5 pixels), many collagen
aggregates were not detected. The 2-pixel radius was the one more faithfully detecting
grouped collagen pixels versus finely scattered one without losing small collagen
aggregates. For spatial distribution analysis, 500x500 pixels was chosen as the area
of subimages since it was observed to best fit the rationale of retrieving a sufficient
amount of frames in all kind of tissue sections (big and small) that are large enough to
avoid leaving tissue areas unconsidered due to low pixel count or, on the contrary, to
reduce the analysis to just a few frames that won’t capture distribution differences.
The threshold for a minimum pixel amount in a subimage to be included in the
distribution analysis was set to 200 pixels to avoid including isolated pixels in the
quantification.
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4.2.5 Image processing for lipofuscin quantification

The percentage of lipofuscin (Pl) was calculated as the amount of activated pixels
in the lipofuscin mask (Nl) divided by the activated pixels in the myocardial tissue
mask (Nm). The image processing method to determine the percentage of lipofuscin
is shown in Figure 32.

Pl =
Nl

Nm

100 (4.2)

Figure 32. Quantification of lipofuscin accumulation by an automatic method.
A) Unprocessed confocal microscopy image of a human LV tissue section with lipofuscin
(red) and tissue autofluorescence (blue) channels. B) Computed myocardial tissue mask.
C) Computed lipofuscin mask. D) Merge of lipofuscin and myocardial tissue masks.
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4.2.6 Inter-observer agreement

All image processing analysis was performed by two independent observers. To
compare the results obtained by the two observers, Bland-Altman plots were obtained.
For all quantifications, the level of agreement between the two observers, both in pig
(Figure 33) and in human samples (Figure 34), was reported.

4.2.7 Simulation of ventricular electrical activity as a function
of collagen characteristics

To assess the impact of the amount and distribution of collagen in cardiac AP prop-
agation, two-dimensional computational tissue models of human ventricular electro-
physiology representative of a set of the analyzed tissues were built. Specifically, eight
LV tissue sections from patients with ages ranging from 58 to 81 y.o. were taken and
the myocardial and collagen masks generated as described above were merged. From
this merged image, a square was taken in each case to avoid possible effects on ar-
rhythmia vulnerability associated with tissue geometry. These square images were
resized to reduce the number of pixels and, thus, alleviate the computational cost of
the simulations. The obtained images were subsequently converted into quadrilateral
meshes by assigning a quadrilateral element to each pixel of the image. For each
mesh, the pixel size was rescaled to obtain 5x5 cm2 simulated tissues.

The vertices of the mesh elements corresponding to collagen pixels were assigned
the label “fibrotic” and their electrophysiology was represented by the MacCannell
model of mammalian ventricular fibroblasts described in Chapter 1 [9]. The rest
of vertices were assigned the label “myocardial” and their electrophysiology was
described by the O’Hara-Rudy model of human ventricular cardiomyocytes described
in Chapter 1 [8]. The longitudinal conductivity in the myocardial region was set to
0.13 mS/cm, while the transverse-to-longitudinal conductivity ratio was set to 0.25.
In the fibrotic region, the conductivity values were three times lower than in the
myocardial region.

The effect of fibrosis on spiral wave generation was investigated by applying an
S1-S2 cross stimulation protocol [378], with a sequence of periodic S1 stimuli followed
by an extra stimulus S2 to assess pro-arrhythmicity due to the interaction of the S2
stimulus wave front with the S1 stimulus wave tail. In a first set of simulations, the
S1 stimuli were applied at the left side of the tissue at tS1 = 50 ms, with duration td
= 2 ms, period tT = 1 s and amplitude A equal to twice the diastolic threshold.
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Figure 33. Comparison of the analysis by the two observers for the pig samples
using Bland-Altman test. Test´s results for A) collagen, B) clustering degree, and C)
relative clustering. On the left graphs the correlation of the measures by the two observers
for every sample and the R2 coefficient are shown. On the right graphs, the black line
represents the mean difference, and the dashed lines are 1.96 positive and negative standard
deviation.
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Figure 34. Comparison of the analysis by the two observers for the human
samples using Bland-Altman test. Test´s results for A) collagen, B) clustering degree,
and C) relative clustering. On the left graphs the correlation of the measures by the two
observers for every sample and the R2 coefficient are shown. On the right graphs, the black
line represents the mean difference, and the dashed lines are 1.96 positive and negative
standard deviation.
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The S2 stimulus was applied on a patch region at the top left corner of the
tissue with the same values of td and A as for the S1 stimulus. In a second set
of simulations, the S1 stimuli were applied on the right side of the tissue and the
S2 stimulus was applied at the top right corner. The stimulus time was varied to
compute the vulnerability window (VW), defined as the time interval during which
the S1-S2 interaction leads to the generation of a sustained spiral wave. The length
of the VW was calculated, individually for each tissue, as the average of the VW
lengths computed from the first and the second set of simulations.

To assess the effect of collagen amount on VW, simulations were conducted for
each of the eight selected tissues under both control conditions (i.e., no collagen in
the tissue) and fibrotic conditions (i.e., with the distribution of collagen as derived
from processing the tissue images). When simulating control conditions, the O’Hara-
Rudy action potential model was assigned to all vertices of the tissue mesh. To assess
vulnerability to reentry, continuous tissues were simulated by filling any holes in them.
To keep the percentages of collagen similar to the ones before filling the holes, i.e., as
quantified in the original patients´ images, collagen was added to the filled regions
according to a uniform random distribution to guarantee that those regions had the
same collagen percentage as the original image.

To assess the effect of collagen distribution on VW, simulations were run for
a patchy fibrosis configuration (with the image-derived collagen distribution as de-
scribed in the previous paragraph) and for a diffuse fibrosis configuration (with colla-
gen assumed to be uniformly randomly distributed across the tissue). For each tissue,
the patchy and diffuse configurations contained the same percentage of collagen, mea-
sured as the ratio of mesh elements labeled as fibrotic divided by the total number of
mesh elements.

Simulations were performed using ELECTRA which is an in-house cardiac elec-
trophysiology solver implementing the Finite Element Method and Meshless methods
[378, 379] for the solution of the cardiac monodomain model [379, 380]. In this work,
the dual-adaptive explicit integration algorithm [380] was used to efficiently solve the
monodomain model.

4.2.8 Statistical analysis

As described in Chapters 2 and 3, Mann-Whitney test was used to assess differences
between two independent groups and Spearman correlation analysis was used to test
the strength and direction of association between two variables. The significance
threshold was established at p-value=0.05 for both Mann-Whitney and Spearman
correlation. Unless otherwise indicated, data are presented as median [interquartile
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range (IQR)]. All statistical analysis were performed with MATLAB v2020b.

4.3 Results

4.3.1 Age alters the amount, aggregation and spatial distri-
bution of collagen in pig LV tissue

Evaluation of collagen characteristics by SHG in young, adult and old pigs revealed
age differences in the amount of collagen (Figure 35A). These results were consistent
between observers (Figure 33). In the whole set of analyzed samples, borderline
significant differences in the collagen content were found between young (median
[IQR]: 1.49% [1.28%-2.02%], n=7) and old pigs (median [IQR]: 2.07% [1.79%-2.8%],
n=11), but not between adult (median [IQR]: 2.07% [1.53%-2.68%], n=8) and old
pigs. Of note, a higher degree of inter-individual variability could be observed in
the old pigs, reflecting large heterogeneity in the age modulation of LV structural
characteristics. These data indicated that age increases the percentage of collagen
fibrils in pig LV tissue, and this is accompanied by a subtle increase in inter-individual
variability (Figure 35B).

To evaluate collagen aggregation, its clustering degree was measured by quanti-
fying the number of pixels in the collagen mask that were surrounded by a circle
of collagen with a 2-pixel radius (Figure 35C). Adult pigs (median [IQR]: 13.33%
[10.7%-16.3%] had significantly higher collagen clustering degree than young ones
(median [IQR]: 6.95% [6.25-11.08%], whereas differences between old (median [IQR]:
13.35% [8.63%-18.38%]) and young pigs were borderline significant (p-value=0.056),
and there were no differences between adult and old ones (p=0.952). In relation
to the percentage of collagen, the relative clustering was also increased (median
[IQR]: 25.75‱ [17.36‱-52.26‱]) in old and adult pigs (median [IQR]: 25.57‱
[19.45‱-41.33‱] compared to young ones (median [IQR]: 13.58‱ [9.06‱-
20.51‱]). The amount of collagen significantly correlated with the clustering degree
(Rho=0.59, p-value=0.002) (Figure 35C).

To go further in the clustering evaluation, its spatial distribution was quantified
by dividing every image in windows of 500x500 pixels and measuring the median and
the dispersion of the clustering degree of all subimages (Figure 35D). Young pigs
(median [IQR]: 2.93% [1.68%-4.57%] presented significantly and nearly significantly
lower clustering dispersion median of collagen aggregation than adult (median [IQR]:
6.27% [3.73%-7.33%]) and old pigs (median [IQR]: 8.02% [2.10%-9.03%]), respectively.
A similar tendency was observed for the clustering distribution dispersion between
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Figure 35. Quantification of collagen amount, aggregation and spatial distribu-
tion in pig LV sections. A) Representative SHG images of LV sections from young (left)
and old (right) pigs with low and high collagen content. B) Quantification of collagen con-
tent in young to old pigs.C) Quantification of clustering degree (left) and relative clustering
(middle) in young, middle-age and old pigs. Correlation between collagen and clustering
degree (right). D) Quantification of clustering distribution median (left) and clustering
distribution dispersion (right) of collagen aggregations in young to old pigs. In comparison
between groups black lines represent the median. Non-parametric Mann-Whitney test is
used and p-values (p) are shown. For correlation Spearman non-parametric test is used and
correlation coefficients (Rho) and p-values (p) are shown.
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young (median [IQR]: 5.10% (3.60%-9.10%) and adult (median [IQR]: 9.74% (8.55%-
11.19%) or old pigs (median [IQR]: 9.16% (6.46%-12.18%). This indicates that young
animals have less clustered collagen and a more homogeneous distribution of collagen
clusters than the two older groups. No difference was observed between adults and
old animals. Thus, the observed increase in clustering degree in the elder groups as
compared to young animals is accompanied by a change in its spatial distribution
that is not different between adult and old.

4.3.2 Age alters the amount, aggregation and spatial distri-
bution of collagen in human LV tissue

Alterations induced by age in the collagen characteristics of human LV tissue showed
similar trends as those reported for pigs (Figure 36). Also in this case, results were
comparable between observers (Figure 34). Elder individuals had moderately higher
percentages of collagen (median [IQR]: 1.72% [0.63%-3.26%], n=12) than middle-age
individuals (median [IQR]: 1.04% [0.85%-1.88%], n=5), although differences were
not statistically significant. In the elder, there was a notably higher degree of data
variability than in middle-age, indicating that collagen deposition can be largely
individual-dependent in this group (Figure 36A-B).

The analysis of collagen aggregation showed that the percentage of clustered
collagen did not vary between middle-age (median [IQR]: 12.01% [9.19%-13.78%])
and elder (median [IQR]: 11.64% [4.57%-12.31%]) individuals. A similar tendency was
observed for the relative clustering between middle-age (median [IQR]: 14.28% [8.45%-
23.52%]) and elder individuals (median [IQR]: 15.78% [3.21%-31.47%]). Similarly, to
the absolute amount of collagen, high inter-individual variability in elder was observed
for both parameters (Figure 36C). Like in pigs, the increase in the percentage
of collagen was accompanied by enhanced clustering degree with correlation near
significance (Rho=0.38 and p-value=0.059) (Figure 36C).

As per the distribution of clustered collagen, the median clustering over subimages
did not change significantly between middle-age (median [IQR]: 4.4% [2.99%-6.74%])
and elder groups (median [IQR]: 2.89% [1.69%-5.65%]) for the median, and a similar
trend was observed for the dispersion of clustering over subimages between middle-
age (median [IQR]: 8.68% [6.4%-9.96%]) and elder individuals (median [IQR]: 8.72%
[3.42%-10.7%]) (Figure 36D). Thus, age did not induce evident changes in the spatial
distribution of clustered collagen in the human left ventricle from midlife onwards.

105



Chapter 4. Age-related collagen remodeling and arrythmia vulnerability

Figure 36. Quantification of collagen amount, aggregation and spatial distribu-
tion in human LV sections. A) Representative SHG images of LV sections from middle-
age (left) and elder (right) donors with low and high collagen content. B) Quantification
of collagen content in middle-age to elder individuals. C) Quantification of clustering de-
gree (left) and relative clustering (middle) in middle-age and elder individuals. Correlation
between collagen and clustering degree (right). D) Quantification of clustering distribu-
tion median (left) and clustering distribution dispersion (right) of collagen aggregations in
middle-age to elder individuals. In comparison between groups black lines represent the
median. Non-parametric Mann-Whitney test is used and p-values (p) are shown. For corre-
lation Spearman non-parametric test is used and correlation coefficients (Rho) and p-values
(p) are shown.
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4.3.3 Age-induced collagen alterations correlate better with
lipofuscin accumulation than with chronological age in
human LV tissue

Since CA does not necessarily reflect the structural and/or functional state of an
organ, it was assessed whether such degree of variability could be explained by
differences in BA, which gathers genetic and environmental factors in addition to
the temporal influence of CA. For that purpose, the content of the autofluorescent
aging pigment lipofuscin was determined (Figure 37A-B and Figure 32), obtaining
similar results between observers (Figure 34). Despite the well-established relation
of lipofuscin with CA [49, 50], the lipofuscin content in these age groups did not
differ, likely representing the high inter-individual variability in the CA groups,
clearly observed for the collagen amount (Figure 36B). Thus, based on the expected
better resolution of BA markers to explain age-related traits and the lack of relation
of collagen parameters with CA in humans, the collagen features in the groups of
individuals of low versus high lipofuscin content was analyzed. Individuals with high
lipofuscin content have significantly higher values for collagen amount (median [IQR]:
2.77% [2.09%-4.23%]), clustering degree (median [IQR]: 12.91% [5.85%-15.01%]) and
relative clustering (median [IQR]: 29.79% [15.98%-49.37%]) than the individuals with
low lipofuscin content: median [IQR]: 0.72% [0.55%-1.20%] for collagen amount,
median [IQR]: 3.99% [1.76%-7.04%] for the clustering degree, and median [IQR]:
4.06% [1.00%-8.51%] for the relative clustering (Figure 37C).

As per the spatial distribution of collagen aggregation, individuals with high-
lipofuscin content had nearly significantly higher values for the clustering distribu-
tion median (median [IQR]: 4.40% [3.16%-7.23%]) in comparison to individuals with
low-lipofuscin content (median [IQR]: 1.26% [0.10%-2.61%]), and significantly higher
clustering distribution dispersion (median [IQR]: 10.35% [4.31%-12.31%] in compar-
ison to individuals with low-lipofuscin content (median [IQR]: 3.14% [1.48%-4.31%])
(Figure 37D). Thus, with increased BA a higher degree of collagen aggregation and
spatial dispersion of aggregation was found.

To further investigate the relationship between collagen features and both age
markers, CA and lipofuscin, Spearman correlation analysis with the full set of human
samples was performed (Figure 38). The percentages of collagen and lipofuscin
were significantly correlated, while the correlation of each of them with CA was
not significant in this cohort (Figure 38A). Although there is extensive literature
evidence that collagen accumulates with age, the data for mid to late life age range
indicated that collagen content correlated better with the age-pigment lipofuscin than
with CA in humans (Figure 38A). The same is true for the relative clustering of
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collagen and its spatial distribution (Figure 38B-D).

Figure 37. Quantification of lipofuscin amount in human LV sections. A)
Representative images of human LV tissue sections from individuals with low (left) and
high (right) lipofuscin content. B) Lipofuscin content in middle-age versus elder humans.
C) Comparison of collagen amount (left), clustering degree (middle) and relative clustering
(right) between individuals with low and high lipofuscin content. D) Quantification of
clustering distribution median (left) and clustering distribution dispersion (right) of collagen
aggregations in middle-age to elder individuals. In comparison between groups black lines
represent the median. Non-parametric Mann-Whitney test is used, and p-values (p) are
shown.
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Figure 38. Correlation of collagen amount, aggregation and spatial distribution
versus both age markers. A) Correlation between collagen and lipofuscin (left), between
collagen and chronological age (middle), and between chronological age and lipofuscin
(right). B) Correlation between relative clustering and each of the two age markers,
lipofuscin (left) and chronological age (right). C) Correlation between clustering distribution
median and lipofuscin (left) or chronological age (right). D) Correlation between clustering
distribution dispersion and lipofuscin (left) or chronological age (right). For correlations
Spearman non-parametric test is used and correlation coefficients (Rho) and corresponding
p-values (p) are shown.
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4.3.4 Collagen alterations associated with age play a ma-
jor role in ventricular electrical propagation and pro-
arrhythmicity

The following step was to understand how the amount, aggregation and distribution
of age-related collagen could influence the propagation of the electrical impulse in
LV myocardium through in silico simulations. Therefore, we used the collagen and
tissue masks obtained from the analysis of the SHG images from donors to build two-
dimensional computational tissue models in which each node of the corresponding
tissue mesh was assigned collagen or myocardial properties based on these two masks
(Figure 39A).

Images from patients with five different degrees of collagen (1%, 2.5%, 4%, 5%
and 6%) were used. Two-dimensional computational models were built, and the
vulnerability window (VW) was quantified compared to the control condition (without
fibrosis) and after varying the spatial distribution from patchy fibrosis, as observed in
the patient, to diffuse fibrosis, simulating random scattering, but keeping constant the
collagen percentage between both distributions (Figure 39B). The VW is defined
as the time interval where, if a premature stimulus is delivered, it can lead to a
reentrant arrhythmia. For simulated tissues with diffuse fibrosis, a low VW length for
1% fibrosis was observed, which was increased for collagen percentages ranging from
2.5% to 6% (Table 21). For simulated tissues with patchy fibrosis, high variability
in the VW length was observed, with no consistent pattern of VW length increase or
decrease with larger collagen percentage (Table 22). These results highlight not only
the effect of collagen amount, but also of its distribution on arrhythmia vulnerability.
VW difference quantifies the VW length in a diffuse or patchy fibrosis scenario with
respect to the control scenario.

Table 21. VW characteristics for the diffuse scenario (uniformly randomly distributed).

Diffuse % Fibrosis VW length (ms)
Tissue 1 1% 7
Tissue 4 2.5% 16
Tissue 6 4% 14
Tissue 7 5% 15
Tissue 8 6% 18
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Table 22. VW characteristics for the patchy scenario (image-based) based on
patient-specific images.

Patchy % Fibrosis VW length (ms)
Tissue 1 1% 0
Tissue 2 1% 1
Tissue 3 2.5% 8.5
Tissue 4 2.5% 14
Tissue 5 4% 3.5
Tissue 6 4% 16.5
Tissue 7 5% 9
Tissue 8 6% 16.5

4.4 Discussion

4.4.1 Collagen remodeling from midlife onwards correlated
with BA

In this work, SHG images of pig and human LV samples from living donors were
collected and processed. An increasing tendency in LV myocardial collagen deposition
with age in the two species was reported. The degree of collagen clustering and its
spatial dispersion increases from young age to adulthood, but not from adulthood to
old age in pigs and not from middle-age to old age in humans. All the studied
collagen features correlate with BA better than with CA. Using computational
modeling and simulation of two-dimensional human ventricular tissues based on
patient-specific SHG images, it was shown how age-induced changes in collagen
content and organization can contribute to pro-arrhythmicity.

The tendency to higher LV collagen content in old versus young pigs agrees
with the established association of increased collagen deposition with age in animal
models [381]. Specifically in pigs, these results agree with reported larger degrees
of interstitial fibrosis in the LV and septum in mini-pigs with Hutchinson-Gilford
progeria syndrome as compared to controls [182]. In the human LV, a moderate trend
towards higher collagen content in elder (median: 1.72%) versus middle-age (median:
1.04%) individuals was found. Despite extensive research in animal models, there is a
paucity of studies in the literature quantifying changes in collagen percentage in the
human LV with aging. One study using Picrosirius staining and polarized filters on
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Figure 39. Assessment of changes in VW length in relation to age-related fibrosis
in human LV samples. A) Original image from a patient (left), cropped imaged selected
for the simulation (middle), and merge image of collagen and tissue masks used in the
simulation (right).B) Spiral wave generation with S1-S2 cross-stimulation protocol for cases
of diffuse collagen distribution (top row) and patchy collagen distribution (bottom row).

autopsy samples from the esternocostal region of the LV showed increased collagen
content in elder (67-87 y.o., n=6, mean: 5.92%) versus young (20-25, n=6, mean:
3.86%) individuals with no previous pathology [72]. Similar results with comparable
age ranges were described in another study using Picrosirius red staining too [73].
These results, obtained with a more sensitive technique and automated quantification,
are in line with these findings even if the collagen amounts reported in this work
are smaller, likely due to the higher specificity of SHG for collagen detection over
histological techniques. Also, collagen III is likely to not be detected properly with
this image acquisition setup due to its low intensity SHG signal, but this would be
systematic in these data. However, in the human age ranges analyzed here, such
differences are not statistically significant, similarly to the comparison of adult and
old pigs. Only when comparing to young animals, the age-related differences become
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borderline significant. Altogether, this study supports increased collagen deposition
with advanced CA in both human and pig LV, which is accompanied by higher inter-
individual variability in the elder.

Distinct forms of fibrosis exist that act through different mechanisms: replacement
fibrosis, which repairs damaged areas found e.g., after myocardial infarction, or
reactive fibrosis, a fine fibrosis that is generally present perivascularly or in the
interstitium. Reactive interstitial fibrosis has a diffuse aspect while replacement and
perivascular fibrosis are patchier. These types of fibrosis can coexist and classification
of the predominant type of fibrosis is capital to develop potential curative treatments
or to predict fibrosis-related arrhythmia risk [382]. The global increase in collagen
deposition in pigs is chiefly accounted by non-clustered one (Figure 35D), thus
diffuse interstitial fibrosis, but it is accompanied by raised patchy fibrosis that
increases its spatial dispersion as the level of clustered collagen elevates. This collagen
dynamics agree with what would be expected for a chronic fibrotic process like aging
and with what is known from animal models [67]. In the human LV, similarly to
the porcine LV, most of the collagen is not clustered both for middle-age and elder
groups and the relation between increased spatial dispersion and raising clustering is
also verified. These results are novel in quantifying the degree of LV fibrosis being
clustered and non-clustered with age in humans and in a clinically relevant large
animal model like the pig. The parallelism observed between humans and healthy
farm pigs (particularly, middle-age and elder humans, and adult and old pigs) for all
evaluated collagen features could experimentally support the use of pig to investigate
the effects of LV fibrotic remodeling with natural aging.

In humans, high inter-individual variability in the collagen content in the analyzed
age groups is observed, but even higher in the elder group. Since all the biopsies were
collected from the same LV region and transmural depth, regional differences are not
expected to contribute to the observed variability. In addition, previous studies have
shown similar collagen content among LV regions and from the inner to the outer
layers of the LV wall in normal human hearts [383]. Thus, this work postulated that
inter-individual differences in the aging rates could help to better explain the observed
variability in the relationship between fibrosis and CA. All the collagen parameters
were more remarkably correlated with the lipofuscin percentage than with CA. Thus,
the histological BA better represents structural remodeling in the human LV as
compared to CA. Unfortunately, this relationship in pigs could not be investigated
since lipofuscin was not detectable by either autofluorescence or hematoxylin-eosin
staining. Even if hematoxylin-eosin staining is not specific for lipofuscin detection,
clear brown perinuclear aggregates could be observed in human samples but not in pig
ones. Lipofuscin aggregates have been found in swine brain [384], but, to the best of
my knowledge, there are no reports indicating its presence in porcine LV myocardium.
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Thus, in humans, the use of lipofuscin as a biological indicator of age in middle-age
to elder individuals is suggested as an improved descriptor of LV fibrotic remodeling
as compared to CA.

4.4.2 Role of fibrosis content and distribution on arrhythmo-
genicity

Next, the role of age-induced accumulation of collagen in the LV in promoting car-
diac arrhythmias was investigated, whose incidence is well known to increase in aged
hearts, particularly from the sixth decade of life [375, 385, 386]. The association
between increased fibrosis and arrhythmias, including ventricular tachycardia and
ventricular fibrillation, has been well established in diseased hearts [387–390]. This
promotion occurs both by altering cardiac conduction and thus facilitating reentry
as well as by modulating the formation of early afterdepolarizations leading to trig-
gered activity [76]. In aged hearts, fibrosis has been shown to act as a substrate that,
together with a mild form of stress, can cause arrhythmias, which would not other-
wise occur in non-fibrotic hearts subjected to the same stress [76, 391]. It should be
noted, however, that most of these studies on age-induced fibrosis and arrhythmias
have been conducted in small animals, possibly due to the difficulty in obtaining hu-
man LV samples from non-diseased myocardium. This work used the results of the
experimental characterization to feed computational models of ventricular electro-
physiology by translating the tissue geometry and collagen amount and organization
from the human LV samples into the 2D meshes used in the simulations. Although
other studies have evaluated the effect of fibrosis amount and spatial scattering on
ventricular electrophysiology by using different fibrosis distributions [392], this work
built tissue models representative of a set of tissue geometries, collagen amounts
and distributions corresponding to these analyzed SHG images obtained from living
donors rather than assigning generic collagen distributions not specific of individual
patients. This work reported that in the human LV, not only the total amount of
fibrosis, but also its spatial distribution are fundamental factors in determining ar-
rhythmia vulnerability, in accordance with previous investigations [77, 359, 376]. In
fact, when fibrosis was simulated in diffuse form and in the form of patches as in
the SHG images, it was observed that the effects on VW were different for these two
forms even if the total amount of fibrosis was kept constant. These findings are in
agreement with studies reporting an impact of intermediate, but not of very mild
(below 4%) or severe (above 40%) fibrosis in arrhythmia propensity [393–395], even if
this work reported a substantial increase in VW length for fibrosis percentages above
2.5%.
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In the realistic patchy fibrosis simulations, high variability between tissues was ob-
served highlighting not only the effect of collagen amount, but also of its distribution
on arrhythmia vulnerability. The differences between diffuse and patchy distribution,
even if the collagen percentage was kept constant, underline the value of performing
patient-specific simulations based on real distributions and not using generic collagen
distributions that, although useful, can lead to partially different conclusions. Taken
together, this work adds to previous evidence on the potential of LV myocardial fibro-
sis as an indicator of adverse pro-arrhythmic outcomes [76, 81, 389] with particular
emphasis in this study on age-associated effects in the human heart. Fibrosis char-
acterization at microscopic levels, which remains so far very limited for the human
LV, and the potential of the performed patient-specific computational simulations are
major contributions from this work.

4.5 Conclusions

This work validated that collagen content, clustering and spatial distribution can
be analyzed using SHG microscopy and automatic processing methods that avoid
discrepancies between observers and yield higher specificity and resolution than
cardiac imaging techniques used routinely. Even though SHG cannot be used in the
clinical context as an in vivo imaging tool, it has the potential to render new insights
at the molecular and histological levels that could advance the medical practice. For
example, as reported here, it is technically feasible to obtain transmural tissue biopsies
from living donors where SHG in combination with lipofuscin content could aid in
establishing basic features of age-related cardiac remodeling that, even if quantified by
other methods, could eventually be used in patient management strategies. Although
age-related collagen dynamics has limited relation with CA in mid to late life, this
work have shown that it is more closely related to lipofuscin, which highlights the use
of BA markers in age-associated cardiac fibrosis research, particularly in clinically
relevant age ranges. By integrating the results of processing SHG images into
in silico two-dimensional electrophysiological models, tissue simulations show the
value of collagen amount and distribution as risk indicators for cardiac arrhythmias.
Additionally, to the study on human LV tissues, this study highlights the pig as a
suitable model of age-related LV structural remodeling over natural chronological
aging.
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CHAPTER 5

INTER-INDIVIDUAL AGE-INDEPENDENT
DIFFERENCES IN HUMAN CX43 IMPACT

VENTRICULAR ARRHYTHMIC RISK

This chapter has been partially adapted from the submitted manuscript entitled
“Inter-individual age-independent differences in human CX43 impact ventricular ar-
rhythmic risk” by García-Mendívil� and colleagues [396].

5.1 Introduction

Gap junctions, formed predominantly by CX43 in the ventricular myocardium, are in-
tercellular communication structures that, in the heart, are primarily located at the
intercalated disks connecting longitudinally adjacent cardiomyocytes. With lower
density, gap junctions can also be found in the lateral borders of cardiomyocytes.
They mediate the electrical cell coupling needed for the transmission of the electri-
cal excitation, which normally propagates with higher CV in the direction of the
longitudinal axis of cardiomyocytes than in the transverse one [397].

Altered Cx43 expression and/or distribution can affect ventricular electrical cou-
pling and can lead to impulse conduction abnormalities and arrhythmias, particu-
larly when combined with additional structural and functional changes associated
with pathological remodeling or aging. In humans, altered CX43 patterns have been
reported in atrial fibrillation, heart failure, dilated cardiomyopathy or left ventricular
hypertrophy [88, 90, 398]. Animal models with reduced Cx43 expression have been
used to assess the effect of Cx43 on CV. Some studies have shown unaltered CV [399,
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400], whereas others have reported significantly lower CV [401, 402] with diminished
Cx43 expression. Studies in mouse models with conditional cardiac knock-out of Cx43
or heterogeneous expression of CX43 have reported an association between decreased
Cx43 and arrhythmia generation [403, 404]. These and other in vivo studies have
suggested that not only the amount of Cx43 content but also its spatial distribu-
tion in the tissue is important for arrhythmia generation [403, 405, 406]. In fact,
the spatial distribution of CX43 has been correlated with the presence of ventricular
arrhythmia in patients with chronic heart failure [405]. Also, the CX43 distribution
within cardiomyocytes has been related to arrhythmic risk. Seidel and colleagues [89]
have reported a significant increase in the lateral CX43 accompanied by a significant
augment in the transversal CV in human atrial fibrillation, suggesting that CX43
lateralization could also have a proarrhythmic effect.

Age-related alterations in Cx43 characteristics have been investigated using animal
models, with divergent results depending on the animal species and the compared
age groups. A decrease in Cx43 content, expressed as percentage of Cx43, has been
reported in aged or adult mice [92, 93] and rats [97] compared to young. Besides, an
age-related reduction in Cx43 expression levels has been described in mice [92] and
rats [96]. Regarding Cx43 lateralization, only Dhein and colleagues [94] reported an
increase in aged versus young rabbits. In humans, however, studies of CX43 changes
with age, in terms of percentage, expression, location within cardiomyocytes and
spatial distribution in tissue, and of their effects on cardiac function are lacking.

Cardiomyocytes in the LV are embedded in the extracellular matrix which provides
tissue strength, cell support and allows cell-to-cell contact [82]. Age has been
associated with increased extracellular matrix deposition, both in animal and human
LV [72, 73] as it has also been reported in Chapters 2 and 4. This increased
deposition modifies the electromechanical function of the heart and increases the
vulnerability to arrhythmia [67], as also reported in Chapter 4. The observations
that cardiac aging is associated with decreased Cx43 and increased fibrotic content
have led to postulate a relationship between the two [407, 408]. Using aged mice
with 100% or 50% Cx43 expression, more pronounced fibrosis levels in the 50% Cx43
expression aged mice were observed [409]. There is no description of this interaction
with age in humans, however. Alterations in Cx43 expression or fibrosis formation
can increase arrhythmia predisposition [397, 410], as cardiac impulse propagation
requires a fine interplay between electrical coupling, cardiomyocyte excitability and
tissue architecture. Increased fibrosis, which alters impulse propagation due to the
distinct properties of the replacement tissue compared to the normal myocardium
[77, 411], has been associated with enhanced arrhythmic risk in human hearts both
in the presence of disease [387, 390] and in relation to aging as reported in Chapter
4. Although mouse models have suggested a possible interplay between decreased
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Cx43 and fibrosis accumulation in arrhythmogenesis, proposing that both factors are
required for the generation of arrhythmias [412, 413], the implications that this may
have in humans is yet unclear.

In this chapter, a thorough characterization of CX43 dynamics with age in the
human LV is presented and the relationship with fibrosis accumulation in a population
of middle-aged to old individuals is evaluated. This research is performed in relation
to CA, but also in relation to lipofuscin, as a measure of BA that better resolves
the effects of aging [49]. The better resolution of lipofuscin than CA has also been
reported in Chapter 4. Next, the experimental results are feed to computational
models of human LV electrophysiology, and the effects of alterations in CX43 and
fibrosis characteristics on arrhythmia vulnerability are assessed.

5.2 Methods

5.2.1 Collection and processing of left ventricular tissues

A total of 44 human transmural LV tissue specimens were collected at Hospital
Universitario Miguel Servet (Zaragoza, Spain) as described in Chapter 2 and processed
for histological analysis as described in Chapter 4. Also, the clinical characteristics of
the patients were the same as in Chapter 2. For comparison purposes, two age groups
were established: the youngest individuals formed the middle-aged group (50-59 y.o.,
n=8) and the oldest individuals, the elder group (77-84 y.o., n=8). Samples from all
individuals were used for correlation analysis.

5.2.2 Fluorescent immunohistochemistry staining

Tissue sections were stained following standard immunohistochemistry protocols.
Briefly, samples were deparaffinated by two washes with xylol and four steps with
ethanol 100%-100%-96%-70%. Samples were rehydrated first with tap water followed
by distilled water before antigen retrieval with citrate buffer for 30 minutes. Then,
samples were blocked for 1h with Protein Block Serum-Free (X090930-2, Agilent,
USA). Primary antibodies incubation was performed at 4oC overnight and, after
three washes with 0.5% BSA-PBS, secondary antibodies incubation was performed
for 1h at room temperature in darkness. Primary antibodies were mouse monoclonal
anti-SERCA2 (1:1000, ab2817, Abcam, UK) and rabbit polyclonal anti-CX43 (1:1000,
ab11370, Abcam, UK). Secondary antibodies were Alexa Fluor 488 goat anti-mouse
(1:1000, A11029, Thermo Fisher, USA) and Alexa Fluor 633 goat anti-rabbit (1:1000,
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A21071, Thermo Fisher, USA). The extracellular matrix was stained with Alexa Fluor
555 wheat germ agglutinin (WGA) (1:500, W32464, Thermo Fisher, USA). To reduce
variability, a single mix for primary and secondary antibodies and washing buffer was
prepared and all sections were stained simultaneously.

Images were acquired with a confocal microscope Zeiss LSM 880 (Carl Zeiss,
Germany) and the parameter settings for the imaging were kept constant for all
the samples.

5.2.3 Label-free imaging of lipofuscin and tissue autofluores-
cence

For each individual, a serial section of the one used for the multiple fluorescent
immunohistochemistry was used for the label-free imaging of tissue autofluorescence
and lipofuscin. The acquisitions were performed with a confocal microscope Zeiss
LSM 880 (Carl Zeiss, Germany) and all the parameter settings were kept constant
between samples. The wavelength used for excitation and detection of the tissue
autofluorescence was 488 and 499-533 nm, respectively. For lipofuscin, excitation was
at 633 nm and emission at 650-735 nm.

5.2.4 Image analysis

The procedure followed for the analysis of CX43, fibrosis and lipofuscin characteristics
was the following. Two independent observers performed all image processing and
quantification analysis. Each observer established the thresholds for the generation
of binary masks, from which computations were performed automatically to compute
CX43, SERCA2, WGA, tissue autofluorescence and lipofuscin characteristics. All the
results reported along the manuscript correspond to the average results from the two
observers.

5.2.4.1 Quantification of the total amount of CX43 and the
percentage of lateralized CX43

Original CZI images were handled with ZEN Blue 2.5 software (Carl Zeiss, Germany).
The maximum intensity projections were generated using all planes of the SERCA2,
WGA and CX43 z-stacks. The resulting images were exported as 8-bit raw-TIFF
individual images. These were processed for automatic brightness scaling using
ImageJ [377] and for removal of isolated image segments (fluorescence artifacts or
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areas of clear perivascular fibrosis, among others). Next, images were analyzed
with the semiautomated open software MARTA [341] to quantify the amount and
degree of lateralization of CX43. Briefly, the software MARTA used the separate
channels of SERCA2, CX43 and WGA of each individual as TIFF images. Binary
masks for CX43 were generated by applying erosion and dilation operations and by
establishing a threshold in the CX43 histogram to separate the CX43 signal from the
background [341]. Analogously, binary masks for SERCA2 and WGA were generated
from the automatically adjusted, gray-level SERCA2 and WGA images by applying
a binarization filter.

The amount of CX43 was estimated using two different approaches. In the first
approach, the percentage of CX43 is quantified with respect to the area of the
cardiomyocytes, according to the SERCA2 mask as:

%CX43CM = number of positive CX43 pixels x 100 / number of positive SERCA2
pixels

In the second approach, the percentage of CX43 is quantified with respect to the
entire left ventricular tissue, which was determined from the SERCA2 and WGA
masks, with pixels being positive in both masks counted only once. The percentage
of CX43 was calculated as:

%CX43T = number of positive CX43 pixels x 100 / (number of positive SERCA2
and WGA pixels*)

* Pixels being positive in both masks counted only once

For quantification of CX43 lateralization, the software MARTA delimited the
cardiomyocytes using the SERCA2 and WGA signals [341]. Next, each identified
cardiomyocyte was divided into four rectangles and MARTA quantified the amount
of CX43 in the two middle areas of the cardiomyocyte (i.e., the lateral sides) with
respect to the total amount of CX43 in the cardiomyocyte (Figure 40A). MARTA
performed this analysis automatically for every cardiomyocyte detected in the tissue
section. For each individual, a percentage of CX43 lateralization (%CX43LAT) was
computed as the average value of the measures in all detected cardiomyocytes. Based
on previous studies [88, 90, 94], %CX43LAT was estimated only in tissue samples
with primary longitudinally oriented cardiomyocytes (31 out of 44). In addition, an
inclusion criterion was applied for %CX43LAT calculation in each tissue sample: only
cardiomyocytes confirmed by the observer to be longitudinally oriented were accepted.
The set of 31 samples was divided in fifths for the comparison of age groups, with
6 donors in each of the CA-based groups, middle-age (54-60 y.o.) and elder (76-84
y.o.), and in each of the BA-based groups (lowest and highest lipofuscin content).

121



Chapter 5. CX43 changes with age and arrythmia risk

5.2.4.2 Quantification of CX43 expression levels

CX43 expression level was quantified in the 16-bit raw-TIFF CX43 images exported
from Zen Blue 2.5 using in-house MATLAB code but only in the positive pixels of
the CX43 binary masks generated by the software MARTA obtained in the previous
section. As above, two approaches were used to measure CX43 expression level:
relative to the cardiomyocyte area and to the total tissue area (including interstitial
tissue). In the first approach, the CX43 expression level was calculated as:

CX43E-CM = sum of intensities of positive CX43 pixels / number of positive
SERCA2 pixels

In the second approach, the CX43 expression level was made relative to the sum
of positive SERCA2 and WGA pixels to account for the whole LV tissue:

CX43E-T = sum of intensities of positive CX43 pixels / (number of positive
SERCA2 and WGA pixels*)

* Pixels being positive in both masks counted only once

5.2.4.3 Quantification of CX43 heterogeneity

CX43 heterogeneity (CX43H) was quantified using in-house MATLAB code imple-
menting the method proposed by Boulaksil [405]. The method departed from the
CX43 binary mask generated by the software MARTA and calculated, for each pos-
itive CX43 pixel, the shortest distance to the next positive CX43 pixel in a virtual
circle around that pixel. The standard deviation of all shortest distances of all pixels
was used as a measure of CX43H.

5.2.4.4 Quantification of fibrosis percentage

Fibrosis quantification was performed using WGA staining [414], as in previous stud-
ies evaluating cardiac fibrosis [415]. Image analysis was based on the approximation
for collagen quantification using non-linear optical microscopy described in Chapter
4. Briefly, taking the above described SERCA2 and WGA binary masks as an in-
put, an in-house MATLAB code was used to compute the number of positive WGA
pixels not positive in the SERCA2 mask. Then the following formula was applied to
calculate the percentage of fibrosis:

%Fibrosis = number of pixels only positive to WGA x 100 / (number of positive
SERCA2 and WGA pixels*)

* Pixels being positive in both masks counted only once
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5.2.4.5 Quantification of lipofuscin content

For lipofuscin quantification, original CZI images from all donors were handled
with ZEN Blue 2.5 software. Both lipofuscin and tissue autofluorescence signals
were exported as raw 16-bit TIFF images and were processed with ImageJ. For
tissue autofluorescence, images were adjusted to remove the 0.2% of the highest and
lowest values of the histogram. Image adjustment for lipofuscin quantification was
determined empirically after revising all the samples of the study, and finally only
the range 0-3500 of the histogram was used for image analysis. From the obtained
gray-scale images, a threshold was established, and binary masks were generated.
Lipofuscin content was calculated using in-house MATLAB software as:

%Lipofuscin = number of positive lipofuscin pixels / number of positive tissue
autofluorescence pixels

5.2.5 In silico modeling and simulation of ventricular electri-
cal activity for varying CX43 characteristics and fibrosis
percentage

To assess the impact of CX43 features and the amount of fibrosis on cardiac electrical
activity, two-dimensional computational tissue models of human ventricular electro-
physiology were feed with the experimental characterizations. A 3x3cm2 mesh in
which all the mesh nodes were assigned with the electrophysiological properties of
epicardial cells except for three islands composed of nodes with the electrophysiolog-
ical properties of midmyocardial cells was built. As in Chapter 4, the O’Hara-Rudy
model was used to describe the human ventricular AP for the two types of cells [8].
A control scenario was defined in which the longitudinal diffusion coefficient was set
to 0.0013 cm2/ms [393] and the transverse-to-longitudinal conductivity ratio was set
to 0.19, with this ratio corresponding to the median value of CX43 lateralization in
the population.

To model variations in the content of CX43 (%CX43CM), the longitudinal diffusion
coefficient was varied. The value 0.0013 cm2/ms was assigned to the median of the
middle-aged group and simulations with a 10%, 20%, 30% and 40% reduction in the
longitudinal conductivity of the tissue based on the experimental data were performed.
This was based on the fact that the elder had, in median, 10% lower %CX43CM

compared to the median of the middle-aged group, the high lipofuscin individuals
had, in median, a 20% reduction in %CX43CM in comparison with the low lipofuscin
individuals, high lipofuscin individuals had 30% lower %CX43CM than the middle-age
and the case of 40% decrease corresponded to the lowest %CX43CM in the population
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compared to the median of the middle-aged group. To model variations in the degree
of CX43 lateralization (%CX43LAT), the transverse-to-longitudinal conductivity ratio
were varied. The median of %CX43LAT in the population, 19%, was set as the control
value. Simulations with ratios of 0.23, 0.27, 0.31 and 0.35 were performed, as these
values cover the range from the median to the highest value of the population. To
model variations in the percentages of fibrosis, some of the tissue elements were
assigned with electrophysiological properties of fibroblasts using a uniform random
distribution. The AP of the fibroblasts was represented by the MacCannell model
of mammalian ventricular fibroblasts described in Chapter 1 [9]. 7%, 11%, 15% and
19% fibrosis based on the experimental data were simulated. 7% corresponds to the
median of the low lipofuscin individuals and 11% to the median of the high lipofuscin
ones. 15% is an intermediate value and 19% is the maximum fibrosis percentage
in the population. The longitudinal conductivity between fibroblasts or between
myocytes and fibroblasts was set to be three times lower than the conductivity
between cardiomyocytes.

To evaluate the impact of variations in CX43 characteristics and fibrosis deposition
on CV and APD, a train of stimuli in a region at the left side of the tissue and the
middle of the mesh with a size of 120x20 nodes were applied. The stimuli had an
amplitude of twice the diastolic threshold, a duration of 2 ms duration and were
delivered at a cycle length of 1000 ms. For each of the simulated scenarios, the CV
magnitude and the APD were evaluated. CV was determined using a previously
reported method [416]. The APD was calculated by measuring the elapsed time
between the activation, defined as the time occurrence of the maximum derivative of
the action potential upstroke, and the time for 90% repolarization.

5.2.6 In silico assessment of arrhythmic risk for varying CX43
characteristics and fibrosis percentage

Next, the role that different CX43 characteristics and fibrosis percentages play on
arrhythmic risk was assessed. For that purpose, the repolarization gradient and
the VW for the highest changes in diffusion (DIF 40%), lateralization (LAT 0.35)
and fibrosis (FIB 19%) and the combinations of two or three of these factors were
evaluated. From the simulations described in the previous section, the repolarization
gradient was estimated, for each pixel, using methods previously described in the
literature in which a radius of one pixel was used in the computations [417–419].
For each simulated scenario, the percentage of tissue with a repolarization gradient
higher than an empirically established threshold of 9 ms/mm, named as areas of
High Repolarization Gradient (HRG), was calculated. It should be noted that this
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measure is considered to be a metric of dispersion of repolarization and a surrogate
for arrhythmic risk [417].

Additionally, the length of the VW as a measure of the likelihood for induction of
reentrant arrhythmias was evaluated. 5x5cm2 meshes were generated by rescaling the
3x3cm2 meshes described above and the generation of spiral waves after application
of an S1-S2 cross stimulation protocol was evaluated [378]. The stimulation protocol
used in these simulations was the same reported in Chapter 4 with the only exception
that in this study stimuli were only applied on the left side of the tissue, and not at
the left and right side as reported in Chapter 4.

Further arrhythmic risk assessment was performed after including CX43 hetero-
geneity in the models. Two meshes with CX43 heterogeneity were obtained as follows.
The tissue sample of an individual whose measure of CX43H was similar to the me-
dian of the middle-aged group was selected and, similarly, the tissue sample of an
individual from the old group was taken. Based on the CX43 intensities of the sam-
ple, a histogram was constructed, and divided it into 20 bins. The intermediate bin
was associated with the median of the histogram and was assigned the longitudinal
diffusion coefficient set in control (0.0013 cm2/ms). The 20 different values of lon-
gitudinal diffusion were assigned randomly to the nodes of the mesh according to
the distribution given by the histogram. The sum of the longitudinal diffusion co-
efficients of all nodes was kept constant between the three meshes: the one without
heterogeneity in which the longitudinal diffusion coefficient was constant, and the two
with heterogeneity representative of the middle-aged and old groups. Regarding VW,
its length and the increment in VW length after including CX43 heterogeneity with
respect to the corresponding scenario without heterogeneity were calculated. Specif-
ically, the increment was calculated by dividing the VW length of the scenario with
heterogeneity by the same scenario without heterogeneity.

As described in Chapter 4, simulations were performed using ELECTRA, imple-
menting the Finite Element Method and meshless methods [378, 379] for the solution
of the cardiac monodomain model [379, 380] and the dual-adaptive explicit integration
algorithm [380] was used to efficiently solve the monodomain model.

5.2.7 Statistical analysis

As described in previous chapters, Mann-Whitney test was used to assess differences
between two independent groups and Spearman correlation analysis was used to test
the strength and direction of association between two variables. The significance
threshold was established by setting a p-value=0.05 for both Spearman correlation
and Mann-Whitney test. Unless otherwise indicated, data are presented as median
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[interquartile range (IQR)].

5.3 Results

5.3.1 CX43 amount, expression level, lateralization and spa-
tial heterogeneity present high inter-individual variabil-
ity

To investigate CX43 dynamics with age in human myocardium, CX43-related features
in transmural LV biopsies of 44 patients aged 50 to 84 years were quantified and
their distribution in the population was characterized (Figure 40B). The amount
of CX43 in relation to cardiomyocyte area (%CX43CM) varied from 0.44% to 5.34%
in the study population, with a median of 2.73% and high dispersion, as can be
observed in the histogram. The CX43 expression level in cardiomyocytes (CX43E-CM)
ranged from 52.29 normalized fluorescence units (n.f.u.) to 1095.87 n.f.u., being
319.59 n.f.u. the median of the population. CX43 heterogeneity (CX43H), measuring
the non-uniformity of CX43 spatial distribution, spanned from 19.61 µm to 276.41
µm in the population, with a median of 19.2 µm. In a reduced set of donors (31
out of 44) whose LV tissue samples were oriented longitudinally, CX43 distribution
within the cardiomyocyte was additionally evaluated. An index of lateralization that
quantifies the average percentage of CX43 in the lateral (non-polar) sides of the
cardiomyocytes in each individual was measured (%CX43LAT) (Figure 40B) and
renders information on the contribution to transverse conduction. %CX43LAT varied
from 6.42% to 35.78%, with 18.78% being the median in the population (Figure
40B).

The amount of CX43 per cardiomyocyte area, %CX43CM, significantly correlated
with its expression level CX43E-CM (Rho=0.88, p-value<0.001), indicating that it is
uniformly expressed across different tissue areas. CX43H did not correlate with either
%CX43CM or CX43E-CM (Figure 40C). %CX43LAT did not correlate with any of the
other CX43 features (Figure 40D).
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Figure 40. Quantification of CX43 features with respect to the cardiomyocyte
area. A) Distribution of CX43 amount (%CX43CM), CX43 expression level (CX43E-CM),
CX43 heterogeneity (CX43H) and CX43 lateralization (%CX43LAT) in the population. B)
Fluorescence immunohistochemistry staining of CX43, SERCA2 and WGA in a LV tissue
section (up) and a representative image of a cardiomyocyte identified and delimited in po-
lar and non-polar zones by MARTA software (down). MARTA displays individual images
for each detected cardiomyocyte. C) Correlation between CX43 amount and heterogeneity
(left), CX43 amount and expression level (middle) and CX43 expression level and hetero-
geneity (right). D) Correlation between CX43 lateralization and CX43 amount (left), CX43
expression level (middle) and CX43 heterogeneity (right). Spearman correlation coefficients
(Rho) and p-values (p) are shown.
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5.3.2 CX43 characteristics are poorly related with chronolog-
ical and biological age beyond midlife, with increased
CX43 heterogeneity being the more distinctive feature
in old age

Next, the relationship between CX43 traits (%CX43CM, CX43E-CM, CX43H and
%CX43LAT) and CA in the human LV tissue was investigated. There was no
correlation between age and any of the four CX43 characteristics (Figure 41A).
The lower and upper ends of the age range were compared, which corresponded to
middle-aged and elder individuals in the population.

A slight non-significant decrease in the %CX43CM was observed in the elder (me-
dian [IQR]: 2.7% [2.45%-3.13%], n=8) as compared to the middle-aged individuals
(median [IQR]: 2.91% [2.43%-3.95%], n=8). Similarly, CX43E-CM did not change in
elder (median [IQR]: 400.92 [282.55-571.68 n.f.u.], n=8) versus middle-aged individu-
als (median [IQR]: 386.44 [280.93-479.03 n.f.u.], n=8). CX43H median value increased
by 45%, when comparing elder (median [IQR]: 21.96 [9.66-32.71 µm]) versus middle-
aged individuals (median [IQR]: 12.16 [8.09-21.93 µm]), even if this difference did
not reach statistical significance. No significant differences were either observed in
%CX43LAT (median [IQR] in elder: 17.43% [14.41%-20.97%], n=6) versus middle-age
(median [IQR]: 18.65% [14.37-21.66%], n=6) (Figure 41B).

To account for age-related effects beyond the mere temporal factor of CA, namely
accounting for the effect of genetics and environment, CX43 characteristics as a
function of the aging pigment lipofuscin were assessed. No correlation was either
observed, with only CX43H being modestly but not significantly correlated with
lipofuscin content (correlation coefficient of 0.22) (Figure 41C). When comparing
groups representing the individuals with the lowest and highest amounts of lipofuscin,
a non-significant 16% decrease in the median %CX43CM in the high lipofuscin group
(median [IQR]: 2.54% [1.45%-3.61%], n=8) versus the low lipofuscin group (median
[IQR]: 3.03% [2.29%-3.91%], n=8) was observed, which was accompanied by a similar
non-significant decrease of 13% in CX43E-CM in high lipofuscin individuals (median
[IQR]: 377.52 [155.69-601.93 n.f.u.], n=8) in relation to individuals with low lipofuscin
(media [IQR]: 433.75 [296.99-563.37 n.f.u.], n=8). The largest differences with BA
were found for CX43H, which presented a non-significant 68% increase in the high
lipofuscin group (median [IQR]: 34.41 [18.97-50.43 µm], n=8) versus low lipofuscin
group (media [IQR]: 11.01 [6.30-30.51 µm], n=8). Finally, a slight non-significant
increase in %CX43LAT in high lipofuscin group (median [IQR]: 20% [14.66%-23.53%],
n=6) versus low lipofuscin group (media [IQR]: 18.64% [18.04%-21.86%], n=6) was
observed (Figure 41D).
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Figure 41. Characterization of CX43 dynamics with chronological and biologi-
cal age. A) From left to right: correlation between age and CX43 amount (%CX43CM),
CX43 expression levels (CX43E-CM), CX43 heterogeneity (CX43H) and CX43 lateraliza-
tion (%CX43LAT). B) From left to right: comparison of %CX43, CX43E-CM, CX43H and
%CX43LAT in middle-aged versus elder humans. C) From left to right: correlation be-
tween lipofuscin and %CX43CM, CX43E-CM, CX43H and %CX43LAT.D) From left to right:
comparison of %CX43CM, CX43E-CM, CX43H and %CX43LAT in low versus high lipofuscin
content individuals. In panels A and C Spearman correlation coefficients (Rho) and p-values
(p) are shown. In panels B and D black lines represent the median.
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5.3.3 CX43 characteristics are not related to fibrosis accumu-
lation beyond midlife

The percentage of fibrosis beyond midlife did not correlate with CA (correlation
coefficient of 0.13), while it had a modest, non-significant relationship with cardiac
BA (correlation coefficient of 0.2) (Figure 42A), in line with the results reported in
Chapters 2 and 4. Furthermore, the relationship between CX43 characteristics and
fibrosis deposition was investigated, since previous evidence suggests their interplay
with age [409, 420]. No significant correlation between fibrosis content and any of
the CX43-related traits, %CX43CM, CX43E-CM, CX43H or %CX43LAT, was observed
(Figure 42B).

In line with previous research evaluating CX43 quantity relative to the myocardial
tissue area rather than to cardiomyocyte area, the relationship of CX43 with age
in the whole tissue (CX43E-T) was further characterized. Minor changes, with only
slight, non-significant variations in %CX43T and CX43E-T in elder versus middle-aged
individuals were observed (Figure 43A). For the analysis based on BA, similar results
were observed for %CX43T and CX43E-T, with somewhat more marked decreases in
their median values in biologically old versus young individuals (Figure 43B). The
relation of fibrosis with CX43 amount or expression level was also similar when CX43
quantity was measured by CX43E-T (Figure 43C).

5.3.4 CX43 characteristics and fibrosis deposition have marked
effects on human ventricular electrical activity

In spite of the lack of evident age-related remodeling of CX43 in the middle-aged to
old population, high inter-individual variability in the analyzed CX43 characteristics
was observed. Thus, the effect of such inter-individual variability on cardiac electro-
physiology was assessed. Computational models of human LV electrophysiology were
built and simulations to assess how the amount (defined as %CX43CM), lateralization
and heterogeneity of CX43 individually and/or in combination with the deposition of
collagen could influence CV, action potential duration (APD) and arrhythmogenesis
in the LV were run. Variations in CX43 expression levels were not simulated run, as
CX43E-CM was highly correlated to %CX43CM, indicating uniform expression levels
of CX43 across different tissue areas (Figure 40C).

Specifically, these experimental results were used to feed two-dimensional com-
putational models of human LV electrophysiology composed of epicardial and mid-
myocardial regions. A control scenario with longitudinal diffusion coefficient set to
0.0013 cm2/ms, transverse-to-longitudinal conductivity ratio set to 0.19 and absence
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Figure 42. Characterization of CX43 remodeling in relation with fibrosis con-
tent. A) Correlation between fibrosis content and chronological age (left) and lipofuscin
amount (right). B) Correlation between fibrosis and CX43 features: from left to right CX43
amount (%CX43CM), CX43 expression levels (CX43E-CM), CX43 heterogeneity (CX43H) and
CX43 lateralization (%CX43LAT). Spearman correlation coefficients (Rho) and p-values (p)
are shown.

of fibrosis was defined. This control scenario was associated with a CV magnitude of
59.71 cm/s, in agreement with experimentally reported values [421]. Next, a 10-40%
decrease in longitudinal conductivity, mimicking the range of variation of %CX43CM

observed in the population, was modeled. Such a reduction caused a 6.31%-26.85%
decrease in the median CV. The range of lateralization observed in the population
was modeled by setting the transverse-to-longitudinal conductivity ratio to 0.23, 0.27,
0.31 and 0.35, without changing the global conductivity (represented by the sum of
the longitudinal and transverse conductivities). Increased lateralization led to a 6%-
13.95% increment in CV. When including fibrosis in the models by randomly assigning
some parts of the tissue with fibroblast electrophysiological properties, an inverse cor-
relation was observed between the degree of fibrosis and CV. The lowest fibrosis per-
centage (7%) in the population data caused a 6.16% reduction in CV and the highest
fibrosis percentage (19%) led to a 17.79% reduction. The effects of combining these
three factors (reduced longitudinal conductivity, increased transverse-to-longitudinal
conductivity ratio and increased fibrosis) were also assessed in four different extents.
The four cases led to reduced CV (Figure 44).
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Figure 43. Comparison of the analysis of CX43 remodeling with respect to
the cardiomyocyte area or the whole LV tissue. A) Correlation of CX43 amount
(%CX43) and expression level (CX43E) versus chronological age (the two leftmost panels)
and quantification of %CX43 and CX43E in middle-aged versus elder individuals (the two
rightmost panels). B) Correlation of %CX43 and CX43E versus lipofuscin content (the
two leftmost panels) and quantification of %CX43 and CX43E in low versus high lipofuscin
individuals (the two rightmost panels). C) Correlation between fibrosis accumulation and
CX43 amount (left) and expression level (right). Spearman correlation coefficients (Rho)
and p-values (p) are shown. Black dots and squares correspond with the method with respect
to the cardiomyocyte area, and blue dots and squares with the method with respect to the
LV tissue.

For subsequent analysis only the extreme cases were simulated, that is: the highest
reduction in the longitudinal conductivity (40%, from now on, DIF 40%), the highest
lateralization (0.35, from now on, LAT 0.35) and the greatest fibrosis percentage
(19%, from now on, FIB 19%) individually or combining two or three of them. DIF
40%, FIB 19% and particularly the combination of the two of them were all associated
with a decrease in CV. Because LAT 0.35 was associated with a higher CV than in
control, combining LAT 0.35 with DIF 40%, FIB 19% or both yielded a higher CV
than when LAT 0.35 was not simulated (Figure 45A).
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Figure 44. Evaluation of conduction velocity for all simulated scenarios involv-
ing reduction in the longitudinal diffusion coefficient, increase in transverse-to-
longitudinal diffusion ration, increase in the content of fibrosis and the combi-
nation of these three factors. ‘%Diffusion decrease (DIF)’ stands for an increase in
the longitudinal diffusion coefficient of 10%, 20%, 30% and 40%, respectively, associated to
changing amounts of CX43 (%CX43). ‘Lateralization ratio (LAT)’ stands for an increase
in the transverse-to-longitudinal diffusion ratio to 0.23, 0.27, 0.31 and 0.35, respectively,
related to variations in de degree of CX43 lateralization (%CX43LAT). ‘%Fibrosis (FIB)’
stands for addition of fibrosis by 9%, 11%, 15% and 19%, respectively. ‘D10/L0.23/F7%’
stands for 10% decrease in DIF, LAT of 0.23 and 7% of FIB, and analogously for the other
combinations.

Regarding APD, no changes were observed except for the simulations with fibrosis,
which had the shortest APD. This reduction in the mean APD of the tissue, justified
by the coupling of cardiomyocytes and fibroblasts and the shorter APD of the
fibroblasts, ranged from 33% to 57% for the cases with the lowest and highest
percentages of fibrosis, respectively. Similar APD shortening was observed when
fibrosis was combined with DIF 40% and/or LAT 0.35 (data not shown).
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5.3.5 Reduced CX43 quantity, increased CX43 heterogeneity
and larger fibrosis deposition enhance arrhythmic risk

Next, the role of the inter-individual variability in CX43 and fibrosis deposition
in arrhythmogenesis was evaluated by calculating the repolarization gradient and
the VW length. For each simulated scenario, the percentage of tissue with HRG
was calculated. When FIB 19% was simulated, a decrease in the HRG area in
comparison to control was observed due to the different properties between epicardial
and midmyocardial nodes. The addition of fibrosis in the same proportion and
distribution in a tissue with uniform cell properties would be, however, associated
with an increase in the HRG area (Figure 46A for an epicardial tissue). When
DIF 40% and LAT 0.35 were simulated, an increase and a decrease were observed,
respectively, in the HRG area with respect to control while the combination of both
led to an intermediate situation (Figure 45B). Evaluation of VW length led to the
observation that DIF 40%, LAT 0.35 and the combination of the two had either little
or no effect on VW. FIB 19% was associated with higher VW. The combination of
FIB 19% with LAT 0.35 and/or DIF 40% further increased VW (Figure 45C).

Finally, another set of simulations were performed to represent spatial distribution
of CX43 in the tissue as in the experimental results. The tissue samples of two
individuals whose CX43H were representative of the middle-aged and old groups
were taken, and corresponding tissue meshes for electrophysiological simulations were
created. This work found that the spatial CX43 heterogeneity in the middle-age and
even further in the old age was associated with a larger HRG area than in control (with
no heterogeneity). When any of the two heterogeneity distributions were combined
with DIF 40%, the HRG area increased remarkably (Figure 46B). In terms of VW,
CX43H combined with FIB 19%, DIF 40% and/or LAT 0.35 led to enhanced pro-
arrhythmicity compared with the cases without heterogeneity. This increase was
slightly more marked in the heterogeneity associated with the old group than the
middle-aged one (Figure 46C). The combination of any of the two CX43H with FIB
19% or the three factors, i.e., DIF 40%, FIB 19% and LAT 0.35, led to the greatest
effect on VW (Figure 46D). Spiral waves for one of the simulated cases are shown
in Figure 45C.
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Figure 45. Evaluation of the effect of CX43 remodeling and fibrosis deposition on
ventricular electrophysiology and arrhythmic risk. A) Violin plot of the conduction
velocity for the control scenario and for scenarios involving variations in CX43 features
(diffusion 40% -DIF 40%- and lateralization 0.35 -LAT 0.25-), fibrosis 19% (FIB 19%)
and their combination.B) Effect of CX43 quantity, lateralization and the combination of
the two on the HRG area.C Effect of CX43 quantity and lateralization, fibrosis and their
combination on the vulnerability window (VW) length. Representative images of the spiral
waves generated for one of the simulated scenarios coded for voltage (V) values. Bar graphs
represent mean ± standard deviation.
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Figure 46. Analysis of the effect of CX43 spatial heterogeneity combined with
fibrosis and CX43 quantity and lateralization on repolarization gradient and
reentrant arrhythmias. A) HRG area in a mesh with only epicardial nodes without (left
column) or with (right column) 19% fibrosis. B) Effect of CX43 heterogeneity (CX43H),
quantity (diffusion -DIF 40%-) and lateralization (LAT 0.35) on HRG area. C) Effect of
CX43H in middle-aged (left) and elder (right) individuals together with %CX43 (diffusion
-DIF 40%-) and %CX43LAT (LAT 0.35) and fibrosis (FIB 19%) on VW length relative
to the same scenarios without heterogeneity. The red line represents the same scenario
without heterogeneity. D) Effect of CX43H in middle-aged (left) and elder (right) individuals
together with %CX43 (diffusion -DIF 40%-) and %CX43LAT (LAT 0.35) and fibrosis (FIB
19%), on VW length. Bar graphs represent mean ± standard deviation.
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5.4 Discussion

5.4.1 Absence of CX43 remodeling beyond midlife

Methods to quantify CX43 characteristics in a population of middle-aged to old
individuals were developed. The role of variations in such characteristics on cardiac
electrical activity was investigated. The obtained results showed only slight CX43
remodeling associated with CA and BA in the human LV beyond midlife, with high
inter-individual variability in all age segments. The observed variability is unlikely to
arise from regional LV differences, as all tissue samples corresponded to the same LV
region and transmural depth and might be better explained by the large heterogeneity
in genetic background and environmental conditions of the donors.

As far as I know there are no studies characterizing CX43 remodeling with age in
the human LV and only limited research is available from animal models. Some animal
studies have reported a decrease in Cx43 amount with age [92, 93, 97]. Regarding
other Cx43 characteristics, a comparison of these results with previous research proves
difficult, as most available studies evaluating Cx43 expression levels only perform
qualitative assessments [92, 96], studies assessing Cx43 heterogeneity changes with
age are scarce [404] and there are no studies on age-related Cx43 lateralization in
humans and just a few in animal models, all of them reporting an increase of Cx43
in the lateral membrane of the cardiomyocytes with age [94, 422]. Besides, previous
research on animal models has compared young animals with either adult or old ones,
but there is a paucity of studies comparing adult and old animals despite the age range
from midlife onwards being precisely the one expected to be most clinically relevant
in terms of cardiac risk.

Next, the relationship between CX43 characteristics and fibrosis was investigated.
Although age is widely reported to enhance cardiac fibrosis [67], in this study
population only a non-significant increase in fibrosis with BA and no relationship with
CA was observed, in agreement with the previous results reported in Chapter 4, where
collagen-related fibrosis increased from midlife onwards only with BA. Nevertheless,
it should be noted that this works used WGA, a broader staining agent than the
collagen-specific Second-Harmonic-Generation microscopy used in the study reported
in Chapter 4 that captures slightly different fibrosis-related information. Contrary
to other studies in animal models [408], no correlation between CX43 remodeling
and fibrosis content in the age range of this population was observed. This finding
would imply that, in healthy human ventricular myocardium, no regulatory interplay
between the extracellular matrix and CX43 exists from midlife onwards. Whether
disease alters this relation in humans and could, thus, be a potential pharmacological
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target remains to be elucidated. Given the species differences, further studies that
investigate this would require the use of human models like e.g., cardiac cells derived
from human induced-pluripotent stem cells.

Even though BA, estimated as lipofuscin content, seems to represent CX43 re-
modeling better than CA, particularly for CX43H and the fibrosis content, significant
changes are still not observed. Yet, these results would support the relevance of using
BA markers as better indicators of the actual structural state of the heart [423] as it
was also reported in Chapters 2 and 4.

Finally, CX43 quantity in relation to the area of the LV tissue on top of the area
of the cardiomyocytes was also characterized. No large differences were observed
between the two methods, suggesting that the outcomes from previous studies with
similar content of fibrosis (up to 20%), would not have changed excessively if Cx43
would have been analyzed in relation to the area of the cardiomyocytes.

Altogether, novel and relevant insights into age-related CX43 and fibrosis dy-
namics and their interplay in the human LV are provided. This constitutes a major
progress over investigations carried out so far, with most studies being conducted in
animal models and based on CA.

5.4.2 Role of CX43 characteristics and fibrosis in arrhythmo-
genesis

Based on the results of the experimental characterizations, a range of values for CX43
characteristics and fibrosis deposition was simulated using mathematical modeling of
human LV tissue electrophysiology. The reduction in CV observed in response to
a reduction in CX43 quantity is in line with previous in vivo animal models [401,
402] and in silico studies [393]. The effects of larger CX43 lateralization on increased
CV agree with studies using animal models [90, 424] and in silico models [89]. The
reduced CV associated with increased fibrosis is in agreement with previous studies,
which, however, reported greater effects [393], possibly due to the assignment of
fibrotic properties to the elements of the simulated tissue.

The simulations did not lead to an association between CX43 remodeling changes
in APD. Increased fibrosis, however, notably reduced APD, in accordance with other
in silico studies [425, 426]. Thus, the physiological range of variation of human CX43
features has an effect on ventricular electrical conduction but not on repolarization
duration, as could be expected.

For arrhythmic risk assessment, the repolarization gradient was evaluated and the
percentage of LV tissue with HRG using a threshold of 9 ms/mm was quantified.
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Previous studies have used thresholds ranging from 3 ms/mm [418] to 12.4±3.5
ms/mm in heart failure [419] or 25 ms/mm at the edge of the border zone [427]. Also,
the length of the VW to assess the probability of a premature ventricular stimulus to
induce reentrant arrhythmias was evaluated.

In these simulations, %CX43LAT increased VW length, but it reduced the HRG
area. A disparity of evidence can be found in the literature regarding the effects of
%Cx43LAT. Some authors have reported an increase in CV associated with higher
lateralization [89, 90, 424], whereas others have reported a decrease in CV [428, 429].
In this study, CX43H is the CX43 feature whose values change to a larger extent
with age. When spatial heterogeneity in CX43 was simulated, it was found that
it contributed to the proarrhythmicity induced by larger fibrosis and reduced CX43
quantity. Overall, the simulated data indicates that physiological values of CX43
features and fibrosis can synergistically increment the risk of ventricular arrhythmias
in humans.

5.5 Conclusions

This work characterized CX43 remodeling with age by assessing its content, expression
level, heterogeneity and lateralization. Although BA was more strongly correlated
with some CX43 characteristics than CA beyond midlife, in general non-significant
CX43 remodeling with age was observed, thus ruling out a population-level role
of CX43 as a potential arrhythmic modulator in relation to age. Nevertheless,
larger inter-individual variability in CX43 characteristics at all age segments was
observed. The experimental CX43 characterizations were integrated, individually
and in combination with the observations on fibrosis deposition, into two-dimensional
human LV electrophysiological models. Simulation results showed that a physiological
reduction in the amount of CX43, an increase in its heterogeneity and a larger fibrosis
deposition can lead to enhanced arrhythmic risk.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

6.1.1 General conclusions

This thesis investigates aging hallmarks in the human LV by combining molecular
and histological analysis of LV samples from living donors and in vitro and in silico
methodologies. The studied age-related cardiac mechanisms are gene expression,
with a focus on miRNAs (key pleiotropic post-transcriptional regulators), fibrosis
deposition and CX43 remodeling. Additionally, in vitro and in silico tools are
created to further investigate the effects of human cardiac aging. This thesis proves
the potential of CDKN2A and AppAge as LV transcriptomic age descriptors and
shows they perform better than CA to unveil age-related changes in a cross-sectional
study. Based on CKDN2A-related results, supported by findings using the AppAge
approach, a bioinformatics LV-specific gene regulation network controlled by BIO-
AGEmiRNAs provides new insights into the potential mechanisms regulated by
miRNAs in age-induced LV impairments. Also, two LV-enriched age-related BIO-
AGEmiRNAs present in plasma are proposed as non-invasive secreted biomarkers of
the aging myocardium status. In conclusion, we report novel and high-resolution data
on the miRNA and gene expression changes that govern natural human LV biological
aging.

Next, the obtained transcriptomic data on natural aging is integrated into the
investigations on accelerated aging to validate an in vitro model of aged cardiomy-
ocytes. The hiPSC model based on progerin mRNA inducible expression recapitulates
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the hallmarks of aging as well as the CA and BA age-related gene expression changes
of physiological aging. This work proves the translation from human cross-sectional
data to an in vitro longitudinal modeling system that will enable future translational
mechanistic and functional research. In addition, this thesis rules out progerin mRNA
as a major contributor to natural cardiac aging. In conclusion, natural aging seems
to be independent of progerin mRNA expression but can be recapitulated in vitro by
mimicking progerin mRNA-induced pathological accelerated aging.

Regarding collagen deposition, this work validates the use of SHG microscopy
and automatic image processing and analysis to quantify collagen content, clustering
and spatial distribution with high specificity and resolution in human and pig LV
tissue. Consistency between pig and human results, supporting the pig as a relevant
and translational model to study age-related remodeling, was observed. From midlife
onwards, changes in collagen characteristics show a poor relationship with CA but
are more closely related to the values of the age pigment lipofuscin. This again
confirms the superior resolution of BA markers in explaining known aging phenotypes
in cross-sectional studies. Subsequently, patient-specific electrophysiological models
of LV tissues that integrate experimental results are built. In silico simulations show
that the amount and organization of fibrosis modulate arrhythmia vulnerability and
highlight that collagen spatial distribution should be considered for arrhythmia risk
assessment. Overall, this thesis concludes that collagen remodeling associated with
BA increases arrhythmic risk from midlife onwards in humans.

With respect to CX43, its structural dynamics are characterized by assessing its
content, expression level, heterogeneity and lateralization. Non-significant CX43 re-
modeling beyond midlife either by CA or BA is found. Also, the lack of correlation
between CX43 characteristics and fibrosis deposition in humans, in contrast to ob-
servations in animal species, highlights the importance of developing human-based
models both in silico and in vitro for insightful aging research. Tissue simulations
representing the obtained experimental results on CX43 remodeling prove that a re-
duction in the amount of CX43 and/or an increment in CX43 spatial heterogeneity
combined with higher levels of fibrosis enhanced arrhythmogenesis. In conclusion,
CX43 remodeling is ruled out as an age-related arrhythmic modulator from midlife
onwards at a population level, but certain CX43-related factors remain arrhythmo-
genic at an individual level.

Overall, the research in this thesis provides: a thorough experimental character-
ization of human cardiac aging hallmarks, both from the point of view of CA and
BA; the implications in terms of arrhythmic risk of some of these hallmarks based
on realistic in silico investigations; and the creation and characterization of an in
vitro model of cardiac cell aging. This thesis demonstrates the importance of using
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integrative interdisciplinary research, with the different methodologies being able to
complement and synergize with each other to advance in the characterization of hu-
man cardiac aging and progress towards novel future solutions for healthy cardiac
aging.

6.1.2 BIO-AGEmiRNAs as therapeutic targets and cardiac
risk indicators

In Chapter 2, a LV-specific gene regulation network regulated by BIO-AGEmiRNAs
is built. As miRNA therapeutics is an emerging field, this network paves the way for
future studies aimed at developing cardiac-specific anti-aging therapies based on miR-
NAs. Besides, two of the miRNAs, MIR4461 and hsa-mir-490, are highly enriched
in the human LV as compared to other human tissues and are also present in plasma.
These results propose that cardiac-specific BIO-AGEmiRNAs could be used as indi-
cators of the BA of the heart in liquid biopsies, thus reflecting its functional state and
therefore being useful as risk predictors of cardiac malfunctioning with a minimally
invasive approach. BIO-AGEmiRNA biomarkers could be potentially detected in an
easier and more sensitive way (based on the highly sensitive PCR technique) than
other biomarkers currently used to assess cardiac damage or cardiovascular risk, such
as cardiac proteins in serum or ECG indicators, which might require a high degree of
organic damage to be informative.

6.1.3 Biological age as descriptor of human cardiac aging

The age-related cardiac mechanisms studied in all the chapters are evaluated based
on both CA and BA. In all the cases, BA demonstrated to be a better age descriptor
than CA. Chapter 2 reports CDKN2A expression, a cell senescence marker, and Ap-
pAge, a highly complex transcriptional index, to better describe the age-related LV
transcriptomic changes than CA and to uncover depleted cardiac-specific processes,
among other relevant functions, undetected by CA. In Chapter 3, higher correlation
of LMNA expression with CDKN2A than with CA is observed and gene expression
changes by AppAge in natural aging (non-significant by CA) can be faithfully trans-
lated into in vitro accelerated aging models. In Chapter 4, all collagen characteristics
show no relation with CA, but are correlated with the age-pigment lipofuscin. In
Chapter 5, the non-significant changes in CX43 remodeling are slightly better de-
scribed by the lipofuscin content. Overall, even if BA does not have a well-established
indicator, these data highlight the value of BA markers, whether transcriptomic or
histologic, to overcome the masking effects of inter-individual variability and provide
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results of higher resolution and power in cross-sectional aging studies.

Of note, in this thesis, transcriptomic changes detect activation of pro-fibrotic
pathways and related genes with advancing BA from adulthood to the elderly range
(Chapter 2). This is also observed at the histological level by BA in the middle-aged
to elders range, which is associated to an increase in the arrhythmic risk (Chapter
4). Thus, this thesis links BA-related remodeling from gene expression to tissue
structure and electrophysiological function. In this manner, it shows the value of
integrative approaches at multiple levels to explain human physiology and disease
from its molecular basis all the way up to function.

6.1.4 Age-related cardiac remodeling from midlife onwards

The characterization of collagen deposition and CX43 remodeling described in Chap-
ters 4 and 5, respectively, are performed in middle-age to elder individuals. Both
studies show that from midlife onwards there are no changes in these features in re-
lation to CA while most collagen-related ones significantly change in relation to BA
and CX43 shows slight variation with BA. However, in the literature, these cardiac
features are reported to highly vary when comparing young and old, particularly in
animal studies. Here again, the results obtained in this thesis highlight the impor-
tance of conducting studies in human donors to surmount differences between species.
Also, it remarks the importance of studying age-related cardiac mechanisms in middle
to old age, which is a more clinically relevant age range in which arrhythmic risk is
expected to be more pronounced.

6.1.5 Transferring the experimental characterization into com-
putational models

The translation from the experimental characterization into in silico models is de-
scribed in Chapters 4 and 5. The amount and distribution of collagen in Chapter 3
and CX43 amount, lateralization and heterogeneity and fibrosis content in Chapter
4 are used to feed two-dimensional computational models of human ventricular elec-
trophysiology. Certain levels or patterns of collagen spatial distribution and CX43
properties are shown to be arrhythmogenic, so these factors should gain relevance in
future computational models. More specifically, the integrative approach used in this
thesis underlines the importance of considering spatial factors when developing novel
in silico models so as to increase the reliability of future computational research and
thus improve health management. Particularly in this case, the improvement can be
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obtained by better assessing arrhythmic risk associated with cardiac aging mecha-
nisms.

6.1.6 Cardiac aging at molecular and cellular level

The knowledge of the molecular and cellular mechanisms responsible for age-related
cardiac changes comes fundamentally from animal models, as ethical and practical
reasons make human longitudinal and mechanistic studies at cellular and molecular
levels unfeasible. The generated hiPSC line described in Chapter 3 represents a
pioneering tool to perform longitudinal molecular, mechanistic and functional research
on human cardiac cell aging. It theoretically allows to overcome the limitations
associated with human cross-sectional studies that hinder medical progress towards
healthy cardiac aging. Findings from human tissues and in silico studies in Chapters
4 and 5 could be validated in the in vitro model, and vice versa, the in vitro model
could be used to study the mechanisms that regulate fibrosis and CX43 with age to
enrich the in silico models and thus establish a positive feedback loop between in
vitro and in silico research.

6.2 Study limitations and Future work

• Cardiac-enriched BIO-AGEmiRNAs detected in blood from Chapter 2 are
potential indicators of cardiac BA and, thus, of cardiac disease risk. Future
work could be directed to investigate the relation of these BIO-AGEmiRNAs in
liquid biopsies with established biochemical or ECG-related markers of cardiac
disease risk and to determine their potency to risk stratify patients.

• The developed iCM model of accelerated aging recapitulates aging hallmarks
as well as altered mechanisms reported in human cardiac aging. Although
there are not large differences between induction times employed in this study,
some aging mechanisms in iCMs seem to require 16 days of progerin induction
or even further for mitochondrial function and ROS production. Future work
could characterize these and other aging features more exhaustively and test
other times and/or induction doses.

• The research of this thesis shows the translation from natural human cardiac
aging to accelerated aging in vitro, with iCMs reproducing gene expression
changes of aged individuals based on a transcriptomic analysis of 132 human
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donors. Since iCMs are immature cells, future work could extend the present
one to implement progerin induction in matured iCMs, which could be obtained
by applying the latest advances in the field (reviewed in Chapter 1) and enhance
the predictive value of the hereby generated model.

• The research of this thesis presents the utility of LV biopsies from living donors
to characterize two aging hallmarks: alterations in the extracellular matrix
remodeling and in intercellular communication. In both cases, the number of
samples used is significantly higher than in other human studies. Nevertheless,
future studies could extend the present work by increasing the size and/or age
range of the study population, with the later allowing to fully characterize the
age-related changes from adulthood. In particular, the analysis of samples from
young individuals could allow to confirm whether there is an evident remodeling
when comparing young and adult or elder individuals, as occurs in animal
species. Specifically, regarding the characterization of CX43 dynamics, the
absence of age-related remodeling could be attributed to the fact that such
changes do not occur from midlife onwards indeed or to this remodeling being
hidden by the high inter-individual variability and the reduced size of our
population. Taking into account the expected better resolution of BA markers
(as reported in Chapters 2 and 4), it is likely that there is not CX43 remodeling
beyond midlife. However, changes in CX43 with age could be more subtle than
other features and a more extensive study would be required to uncover them.
Therefore, the suggested future studies including a larger number of individuals
and a wider age range, with additional inclusion of analysis in LV samples from
pigs as a translational model of age-related cardiac remodeling, could help to
clarify this point.

• The changes in CX43 heterogeneity observed from the analysis of human LV
samples are introduced in mathematical models of cardiac electrophysiology by
spatially varying the longitudinal diffusion coefficient and, correspondingly, the
transverse diffusion coefficient. This is performed by taking the spatial distri-
butions of CX43 from some of the individuals in the study population. Future
studies could extend this work by developing personalized electrophysiological
tissue models that represent the CX43 spatial heterogeneity on a one-to-one ba-
sis. This would allow to more accurately decipher its potential arrhythmogenic
effect.
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6.3 Publications

6.3.1 JCR Publications Derived from the Thesis

• E. Ramos-Marquès & L. García-Mendívil#,�, M. Pérez-Zabalza, H. Santander-
Badules, S. Srinivasan, J.C. Oliveros, R. Torres-Pérez, A. Cebollada, J.M.
Vallejo-Gil, P.C. Fresneda-Roldán, J. Fañanás-Mastral, M. Vázquez-Sancho,
M. Matamala-Adell, F. Sorribas-Berjón, J.A. Bellido-Morales, F.J. Mancebón-
Sierra, A.S. Vaca-Núñez, C. Ballester-Cuenca, M. Jiménez-Navarro, J.M.
Villaescusa, E. Garrido-Huéscar, M. Segovia-Roldán, A. Oliván-Viguera, C.
Gómez-González, G. Muñiz, E. Diez, L. Ordovás, E. Pueyo. “Chronological
and biological aging of the human left ventricular myocardium: Analysis of
microRNAs contribution”. Aging Cell. 2021 Jul,20(7):e13383. #Joint first
author. �Corresponding Author.

• L. García-Mendívil�, N. Hernández-Bellido, M. Sánchez-Barat, M. Pérez-
Zabalza, E. Garrido-Huéscar, J.M. Vallejo-Gil, M. Matamala-Adell, J.F.
Sorribas-Berjón, J.A. Bellido-Morales, A.S. Vaca-Núñez, C.M. Verfaillie, C.
Ballester-Cuenca, E. Pueyo, L. Ordovás. “Natural and induced human cardiac
aging: progerin mRNA does not accumulate naturally but accelerates aging in
vitro”. Aging Cell. Submitted. Corresponding Author.

• L. García-Mendívil�, M. Pérez-Zabalza, K. Mountris, S. Duwé, N. Smisdom,
M. Pérez, L. Luján, E. Wolfs, R.B. Driesen, J.M. Vallejo-Gil, P.C. Fresneda-
Roldán, J. Fañanás-Mastral, M. Vázquez-Sancho, M. Matamala-Adell, J.F.
Sorribas-Berjón, J.A. Bellido-Morales, F.J. Mancebón-Sierra, A.S. Vaca-Núñez,
C. Ballester-Cuenca, A. Oliván-Viguera, E. Diez, L. Ordovás, E. Pueyo. “Anal-
ysis of age-related left ventricular collagen remodeling in living donors: impli-
cations in arrhythmogenesis“. iSCIENCE 2022. Jan 29;25(2):103822.
Corresponding Author

• L. García-Mendívil�, M. Pérez-Zabalza, J.M. Vallejo-Gil, J. Fañanás-
Mastral, M. Vázquez-Sancho, J.A. Bellido-Morales, A.S. Vaca-Núñez, C.
Ballester-Cuenca, E. Diez, L. Ordovás, E. Pueyo. “Inter-individual age-
independent differences in human CX43 impact ventricular arrhythmic risk”.
Research. Under review. Corresponding Author.
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6.3.2 Other JCR Publications

• A. Oliver-Gelabert, L. García-Mendívil, J.M. Vallejo-Gil, P.C. Fresneda-
Roldán, J. Fañanás-Mastral, M. Vázquez-Sancho, M. Matamala-Adell, F.
Sorribas-Berjón, C. Ballester-Cuenca, L. Ordovás, E.R. Diez, E. Pueyo. “Auto-
matic quantification of cardiomyocyte dimensions and connexin 43 lateralization
in fluorescence images”. Biomolecules. 2020 Sep 17, 10:1334

• A. Oliván-Viguera, M. Pérez-Zabalza, L. García-Mendívil, K.A. Mountris, S.
Orós-Rodrigo, E. Ramos-Marquès, J.M. Vallejo-Gil, P.C. Fresneda-Roldán, J.
Fañanás-Mastral, M. Vázquez-Sancho, M. Matamala-Adell, F. Sorribas-Berjón,
J.A. Bellido-Morales, F.J. Mancebón-Sierra, A.S. Vaca-Núñez, C. Ballester-
Cuenca, M.A. Marigil, C. Pastor, L. Ordovás, R. Köhler, E. Diez, E. Pueyo.
“Minimally invasive system to reliably characterize ventricular electrophysiology
from living donors”. Sci Rep. 2020 Nov 17, 10 19941

• F.J. Sánchez, V.A. Gonzalez, M. Farrando, A.O. Baigorria-Jayat, M. Segovia-
Roldan, L. García-Mendívil, L. Ordovás, N.J. Prado, E. Pueyo, E.R. Diez.
“Atrial dyssynchrony measured by strain echocardiography as a marker of
proarrhythmic remodeling and oxidative stress in cardiac surgery patients”.
Oxid Med Cell Longev. 2020 Dec 30, 2020:8895078

• L. García-Mendívil, D.R. Mediano, A. Hernaiz, D. Sanz-Rubio, F.J. Vázquez,
B. Marín, O. López-Pérez, A. Otero, J.J. Badiola, P. Zaragoza, L. Ordovás,
R. Bolea, I. Martín-Burriel. “Effect of Scrapie Prion Infection in Ovine Bone
Marrow-Derived Mesenchymal Stem Cells and Ovine Mesenchymal Stem Cell-
Derived Neurons”. Animals (Basel). 2021 Apr 15,11:1137

6.3.3 Conference Proceedings

• M. Pérez-Zabalza, L. García-Mendívil, K. Mountris, A. Oliván-Viguera, J.M.
Vallejo-Gil, P.C. Fresneda-Roldán, J. Fañanás-Mastral, M. Vázquez-Sancho,
M. Matamala-Adell, F. Sorribas-Berjón, J.A. Bellido-Morales, F.J. Mancebón-
Sierra, A.S. Vaca-Núñez, C. Ballester-Cuenca, L. Ordovás, E. Pueyo. “Age-
Associated Changes in Myocardial Fibrosis Amount and Distribution Quantified
from Nonlinear Optical Microscopy Images”. Computing in Cardiology CinC
2021.
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6.3.4 Bachelor and Master Thesis Supervision

• Co-Supervisor of Molecular and Cellular Biology Master´s thesis entitled “De-
velopment of human cardiac cell aging models”. University of Zaragoza (Spain).

• Co-Supervisor of Biotechnology Bachelor´s thesis entitled “Characterization of
in vitro models of human cardiac aging”. University of Zaragoza (Spain)
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