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Abstract

Cardiovascular diseases (CVDs) are the leading cause of death worldwide. Heart donor shortage
and cardiomyocyte poor self-renewal rate make it imperious to develop novel alternative therapies and
approaches. To this end, Regenerative Medicine and Tissue Engineering (TE) have been playing an
increasingly relevant role, and in particular 3D bioprinting techniques are a very promising solution as
they allow to print human cells embedded in biocompatible materials in a controlled and precise fashion.
However, a common problem found in cardiac cells bioprinting, is the lack of maturation of the printed or
seeded cardiomyocytes. Moreover, nanomaterials with properties like electrical conductivity have been
added to hydrogels to achieve properties suitable for cardiomyocyte culture. Hence, Alginate-Gelatin
hydrogels containing either carbon nanotubes (CNTs), titanium carbide MXenes or no conductive
nanomaterial were tested to be used as scaffolds for cell seeding and bioinks for bioprinting. Human
Induced Pluripotent Stem Cell-Derived Cardiomyocytes (hiPSC-CM) were seeded in 3 different hydrogel
sheets (control - without particles -, with CNTs and with MXenes) and encapsulated in 3 bioinks with
the same composition, for further extrusion bioprinting. Cell viability and metabolism were assessed.
Primary tests regarding the conductivity and other relevant physical properties were conducted prior to
cell culture. Findings suggested that both CNTs and MXenes have a positive effect on hiPSC-CMs
metabolism without compromising cell viability. For seeded constructs, both conductive nanomaterials
are thought to improve the maturation of hiPSC-CMs as after 6 days of culture there were clusters of
cells displaying a mature phenotype. Yet, bioprinted hiPSC-CMs did not exhibit signs of maturity, as
they did not spread along the hydrogel matrix and maintained a round shape, which is an indicator of
low expression of contractile proteins. Although the obtained results are far from ideal, they configure a
solid starting point for research on this topic

Keywords: Bioprinting, cardiomyocytes, alginate, CNTs, MXenes.
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Resumo

As doengas cardiovasculares (DCV) sdo a principal causa de morte no mundo moderno, constituindo
ainda uma causa emergente em paises em desenvolvimento. Em particular, patologias como o enfarte
do miocéardio levam a isquemia cardiaca e por consequéncia originam necrose de tecido cardiaco,
podendo levar a insuficiéncias que sdo tipicamente colmatadas com transplante de coracdo. No entanto, a
conjugacdo de fatores como a falta de dadores de coragao e fraca auto-renovagao e regeneracdo de células
cardiacas — os cardiomidcitos — leva a que seja imperioso desenvolver novas terapias e alternativas aos
tratamentos convencionais. Neste sentido, dreas como a Medicina Regenerativa (MR) e a Engenharia de
Tecidos (ET) tém vindo a desempenhar um papel cada vez mais relevante e premente — em particular,
técnicas de bioimpressdo 3D configuram uma solu¢do muito promissora uma vez que possibilitam a
impressdo controlada e precisa de células humanas. Para tal, as células sdo embebidas em materiais
biocompativeis e com elevadas semelhancas aos tecidos humanos — designados hidrogéis — resultando
numa biotinta que pode ser impressa segundo os designs e caracteristicas desejados. Estes construtos
podem de seguida sofrer reticulacdo, e mediante o sucesso do processo de cultura celular, originar
tecidos funcionais. N3ao obstante, um dos grandes obstdculos que surgem no dmbito da Engenharia
de Tecido Cardiaco (ETC), e em particular da bioimpressdo de células cardiacas, € a falta de maturacdo
dos cardiomidcitos, que acabam por ndo conseguir desenvolver um fendtipo maturo — isto €, estrutura
alongada, com producgdo de alfa-actinina e outras protefnas inerentes a atividade contrétil. Diversas
estratégias t€m sido empregues com a finalidade de produzir construtos celulares vidveis e capazes
de permitir a maturacdo de células cardiacas. Nomeadamente, a inclusdao de dados nanomateriais e
nanoparticulas nas redes poliméricas dos hidrogéis permite entregar determinadas sugestdes bioldgicas
que permitem ajustar o fenétipo das células a crescer nestes meios. Em particular, a adi¢do de
nanomateriais condutores tem sido reportada na literatura como permitindo a sugestdo de um fenétipo de
condutividade elétrica, o que € de extrema importancia em células propagadoras de potenciais elétricos
como € o caso dos cardiomidcitos.

Tendo estes fatores em conta, neste trabalho foi desenvolvido um hidrogel composto por diferentes
concentragdes de alginato de sédio e gelatina, com posterior inclusdo de nanomateriais condutores:
nanotubos de carbono (CNTs) e nanofolhas de MXenos de titdnio e carbono. Foram realizados testes
de reologia e impressdo para escolher a melhor concentragdo de hidrogel e de seguida foram realizados
testes de caracterizagdo mecanica, elétrica e reoldgica para determinar os trés hidrogéis finais — 3%
alginato de sédio + 5% gelatina (A3GS), 3% alginato de sédio + 5% gelatina + 1mg/mL CNTs
(CNT1) e 3% alginato de sédio + 5% gelatina + 0.5mg/mL MXenos (MX0.5). Verificou-se que estes
hidrogéis possuiam caracteristicas muito relevantes para o estudo em questdo — na frequéncia de 3Hz,
tipicamente utilizada em estimulacdo de cardiomidcitos, a formulacdo CNT1 e MX0.5 exibiam um valor
de condutividade elétrica significativamente diferente do controlo (p<0.05) e semelhante ao verificado no
tecido cardiaco nativo. Por outro lado, o hidrogel CNT1, apds uma reticulacdo de hidroxisuccinimida +
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (NHS/EDC) e cloreto de célcio (CaCl,) de 15 minutos
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cada, revelava um valor de médulo de Young semelhante ao do miocardio humano em sistole (8-15 kPa,
sendo obtido o valor de 29,96 = 11,91 kPa).

Estes hidrogéis foram utilizados tanto como biotinta, para bioimpressao 3D de construtos celulares,
como para producao de scaffolds e posterior semeio de células. Para tal, Células Estaminais Pluripotentes
Humanas nio diferenciadas foram incubadas e diferenciadas pelo que ao fim de 8 dias de cultura
se obtiveram Cardiomidcitos Derivados de Células Estaminais Pluripotentes Humanas (hiPSC-CMs).
Posteriormente, as hiPSC-CMs foram semeadas em folhas de A3GS5, CNT1 e MXO0.5, previamente
impressas e reticuladas com CaCl, e NHS/EDC. As folhas de hidrogel semeadas com cardiomidcitos
foram incubadas e mantidas em cultura durante 6 dias, com mudanc¢as de meio a cada dia e realizacdo
de testes de viabilidade e atividade metabdlica apds 1, 3 e 6 dias de cultura. Paralelamente, hiPSC-CMs
foram ressuspendidas em biotintas com as formulacdes supramencionadas — A3GS, CNT1 e MXO0.5
— as quais foi adicionada 0.05% de genipina de modo a que ocorresse reticulagdo apds a impressao.
Foram impressos construtos 3D aos quais se adicionou também CaCl; e tal como feito para as folhas
semeadas, os construtos 3D foram mantidos em cultura durante 6 dias, com testes de viabilidade e
atividade metabdlica realizados ap6s 1, 3 e 6 dias de cultura.

Os resultados obtidos sugerem que a inclusdo de CNTs e MXenos ndo compromete a viabilidade
das células cardiacas, havendo ao fim do primeiro dia de cultura 89,5+ 3,03 % e 83,4+7,90 % de
viabilidade para os cardiomidcitos semeados respetivamente nos scaffolds com CNTs e MXenos, versus
uma viabilidade de 83,64 4,28 % para as células no scaffold de controlo. Estes valores decrescem ao fim
do terceiro dia de cultura, sendo registados valores de viabilidade celular de 82,4+4.,43 % ,79,1£3,32 %
e 74,84+6,86 % para CNTs, MXenos e controlo, respetivamente. Esta diminui¢do de viabilidade celular
pode ser devida a presenga de contaminantes, a libertagdo de ides contidos na matriz polimérica ou ainda
a morte de células que j4 apresentavam fraca viabilidade aquando do semeio ou que foram danificadas
durante o processo. Ao fim de 6 dias de cultura, estes valores tornam a subir, com as células cardiacas
semeadas nos scaffolds com CNTs e MXenos a apresentar viabilidade de 84,14+6,99 % e 95,8 £1,28
% respetivamente, enquanto que as células no scaffold de controlo apresentavam uma viabilidade de
93,6+£1,99 % (embora estas diferencas nao sejam significativas para p<(0.05). Do mesmo modo, ao
fim do primeiro dia de cultura, registou-se uma viabilidade de 81,54+6,42 % e 75,24+1,20 % para as
células bioimpressas com CNTs e MXenos, respetivamente, versus uma viabilidade de 70,54+5,37 %
para o construto de controlo. Tal como verificado para as células semeadas, para os construtos celulares
bioimpressos verificou-se uma diminui¢do da viabilidade celular apés 3 dias de cultura, com valores
de 63,548,822 %, 69,94+5,54 % e 66,81+8,44 % para os construtos celulares com CNTs, MXenos e
de controlo, respetivamente. Por seu turno, ao fim de 6 dias observou-se que a viabilidade celular
se mantinha em valores de 69,5£6,61 % e 68,2+9,39 %para os construtos com CNTs e MXenos,
respetivamente (embora estas diferencas ndo sejam significativas para p<0.05). De igual modo, verificou-
se que a inclusdo de nanomateriais condutores como os nanotubos de carbono e os MXenos ndo afeta a
atividade metabdlica dos cardiomidcitos — com efeito, esta cresceu exponencialmente entre o primeiro e
o sexto dias de cultura.

Verificou-se também que para os scaffolds semeados com cardiomidcitos, ambos os nanomateriais
condutores aparentam melhorar a maturacdo dos hiPSC-CMs uma vez que apds 3 dias de cultura se
observaram agregados de células cardiacas que exibiam um fenétipo contratil maduro, exibindo ainda
batimento sincrono, o que apenas se verificou para o scaffold de controlo ao fim de 6 dias. No entanto,
os hiPSC-CMs bioimpressos ndo revelaram quaisquer sinais de maturidade celular, visto que nio se
espalharam pela matriz do hidrogel, assim como nao desenvolveram um fenétipo maduro e conservaram
a sua forma arredondada, que é um indicador de fraca expressdo de proteinas contriteis como a alfa-

viii



actinina. Ao contrédrio dos cardiomidcitos semeados, as células bioimpressas também ndo formaram
agregados ndo exibiram evidéncias de atividade contratil.
Assim, ainda que os resultados obtidos estejam longe de apontar para uma solugdo ideal, fortalecem
a hipétese de que a adig¢do de certos nanomateriais condutores pode melhorar a maturagao de células
cardiacas e configuram certamente um ponto de partida sélido para a investigacdo neste topico.
Palavras chave: Bioimpressdo, cardiomidcitos, CNTs, MXenos, alginato.
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Chapter 1

Introduction

1.1 Context and Motivation

If it is true that we live in an increasingly unfair and uneven world, it is also true that mankind never
had as many resources and opportunities to do good as it has now. Particularly, in 2015 the United
Nations established 17 goals that represent different universal call-to-actions that aim to ensure that by
2030 all human beings are entitled to live a safe, dignifying healthy life. As a citizen, but especially as an
aspiring scientist and engineer, it is our duty to make sure that we make our contribution towards these
goals and an overall fairer, better future.
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Figure 1.1: United Nation’s Sustainable Development Goals.

Taking a look at goal number 3 (figure [I.I)), the United Nations aims to bring quality health to
everyone worldwide, but unfortunately by 2023 there are still many preventable diseases that end up
entailing high death rates. Cardiovascular diseases are an example of this, being the leading
cause of death and disability around the world, while also being responsible for a growing proportion
of loss of healthy years, especially in the world’s least developed regions [}, 2, 3]. When heart diseases
aren’t treated, heart failure (HE) arises and as it progresses, heart transplantation (HT)) becomes the only
viable solution to ensure quality of life [4]].

Yet, recent findings of the Global Observatory on Donation and Transplantation show that [HF is a
growing reality, with an increasing demand for [HT} However, the demand for [HT] is persistently higher
than the offer, which is mostly due to the aging of global population and the tight criteria that a candidate

1



1.2 Goals and Research Questions

for being a heart donor has to fill. It is, evidently, of utmost importance to solve the shortage of donor
hearts, and this requires different interdisciplinary combined efforts to create and improve alternatives to
heart transplant[4]].

It is in this context that regenerative medicine and tissue engineering emerge as possible solutions.
Cardiac tissue engineering is largely based on the usage of biocompatible and biodegradable materials to
reconstitute contractile myocardium-like tissue that can be used to replace diseased myocardial tissue or
to engineer in vitro for therapy development [} 16]. However, a common limitation with these approaches
is the lack of proliferation and maturation of bioengineered cardiomyocytes [7]]. Strategies to overcome
this problem comprise exploring different biofabrication techniques like bioprinting and adding different
nanoparticles to improve the physical properties of the materials [, 9].

As such, the present work aims to develop conductive biomaterials that can be bioprinted with cells
like cardiomyocytes, aiming to favor cell viability and maturation. Different materials can be employed
to this end, but taking United Nations’ goals number 12 and 13 into account, natural materials should
be favored when compared to synthetic ones, as they yield a lower carbon footprint, thus also respecting
goals number 14 and 15, all this while enhancing and supporting goal number 9.

The prospect of working towards a better world, with sustainable, accessible and universal healthcare,
was the mote to this dissertation’s work.

1.2 Goals and Research Questions

The main goal of this dissertation was the bioprinting of cell-laden conductive bioinks that can
potentially allow the viable cell culture of human cardiomyocytes and consequently enhance maturation.
Nevertheless, it is pertinent to define secondary goals and these are found in table [I.T] along with their
corresponding research questions.

Table 1.1: Main goals and respective research questions of the dissertation

Goal

Research Questions

1. Review the current literature to determine the
state of the art on the bioprinting of conductive materials
for cardiac regeneration;

2. Research on the best formulation for a biocompatible and
bioprintable hydrogel with conductive properties;

3. Use of characterization methods to evaluate the physical
properties of the developed materials.

4. Development of materials with physical properties similar
to those of the native human heart;

5. Seeding of cardiomyocytes in bioprinted scaffolds and
evaluation of the viability and metabolic activity of the cells.

6. Bioprinting of cell-laden bioinks and evaluation of the
viability and metabolic activity of the cardiomyocytes.

1. What has the scientific community outputted regarding
the development of conductive materials for cardiac
regeneration?

2. What are the most suitable materials for bioprinting?
Which concentrations should be used in order to achieve the
desired goal? Which conductive nanomaterials can be added
to improve conductive properties while maintaining
biocompatibility and printability?

3. Which characterization tests/methods provide the most
significant results?

4. How should one tailor the developed material to achieve
the desired properties? Which nanomaterial concentration
should be used to achieve native-like results?

5. Can cardiomyocytes be effectively seeded in the developed
scaffolds? What properties should said scaffolds exhibit?

6. Does the bioprinting process induce cell damage?

Are bioprinted cells metabolically active?

How to ensure stable bioprinted constructs?



1.3 Structure

1.3 Structure

This dissertation is divided in 7 chapters that follow the structure present in figure [I.2]

Literature Review Experimental Work Outputs and Findings
1 _ 2 3 4 6_|—
Introduction Theoretical Bioink and Hydrogel Bioprinting of 3D} Results and
Background Preparation and Constructs for Discussion
Charcaterization Cardiomyocyte Culture T .
T T
Materials Materials 7

Conclusion and

Sl Methods Future Perspectives

Evaluation of
Cardiomyocyte Maturity in
3D Constructs and Seeded
Scaffolds

Materials
Methods

Figure 1.2: Structure of the dissertation.

Briefly, its structure is the following:

1. Introduction - Presents the motivation inherent to this dissertation, covering the context in which
the root cause problems arise, the goals and respective research questions and the manuscript’s

structure.

2. Theoretical Background - Describes base theory essential to the development and understanding of
the present dissertation, as well as it reviews the current state of the art on bioprinting conductive

materials.

3. Bioink and Hydrogel Development and Characterization - Presents the details inherent to the first
practical task of this dissertation - its underlying theory, used materials and presents protocols for
the implemented methods.

4. Bioprinting of 3D Constructs for Cardiomyocyte Culture - Describes the details inherent to the
second practical task of this dissertation, describing the used materials and implemented methods.

5. Evaluation of Cardiomyocyte Maturity in 3D Constructs and Seeded Scaffolds - Exposes the
details inherent to the third practical task of this dissertation, describing the used materials and
implemented methods.

6. Results and Discussion - Displays the findings and outputs of the experimental work, followed by

the corresponding critical appreciation of each result.

7. Conclusion and Future Work - Summarizes the most relevant results whilst also providing final
comments and future guidelines for this research topic.



Chapter 2

Theoretical Background

2.1 The Human Heart

Ever since Antiquity, the heart has been regarded as a fundamental vital organ. Hippocrates described
the heart as a strong muscle and recognized that it “radiated”, presumably referring to its electrical
activity [10]. Thousands of years later, in the 15th century, Leonardo DaVinci dissected a heart and
was the first reported scientist to accurately draw the heart and its valves. Like his Ancient Greeks
predecessors, DaVinci concluded that the heart was indeed a muscle, an important milestone after the
slowing down in knowledge caused by the influence of the church in the middle ages [11]. From these
early discoveries developed the fields of anatomy and physiology, which are basilar in our understanding
of organs like the heart, tissues like the myocardium and cells like cardiomyocytes.

The heart is a complex muscular organ whose prime function is to pump blood through the systemic
and pulmonary circulations. It is composed of four muscular chambers: left and right ventricles and left
and right atria, with the firsts acting as the main pumping chambers (figure 2.1)) [12].
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Figure 2.1: Depiction of the heart seen through a longitudinal plane. The arrows indicate the blood flow’s direction. From
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2.1 The Human Heart

The heart lies enclosed in a fibrous sac, the pericardium, located in the thorax . The innermost layer
of the pericardium, the epicardium, is closely fastened to the heart. Between the epicardium and the
outer wall of the pericardium there’s a narrow cavity, the pericardial sac, filled with 40-50 mL of a clear
hydrous fluid - the pericardial fluid - which lubricates the heart as it moves within the pericardial sac
[12} [13].

The pericardial sac is composed of a serous inner layer (visceral pericardium) directly apposed to the
myocardium and a fibrous outer layer called the parietal pericardium [12].

The inner surface of the cardiac chambers, as well as the innermost wall of all blood vessels, is lined
by a thin layer of cells termed endothelial cells, or endothelium [13]].

As mentioned, the human heart is divided into right and left halves, each comprising one atrium and
one ventricle. Separating the two ventricles is the interventricular septum while each atrium is separated
from its respective ventricle by the atrioventricular valves, which allow unidirectional blood flow
from atrium to ventricle. The left[AV]valve has two fibrous flaps and as such is called the bicuspid valve
(or mitral valve), whereas the right[AV]valve contains three flaps, being termed tricuspid valve [13].

valves open and close according to the pressure gradients across the valves, preventing backflow
from ventricle to atrium and from vessel to ventricle - when blood pressure in an atrium overcomes that
of the ventricle, the valve opens and blood flows from atrium to ventricle. In the opposing situation, when
the blood pressure in the ventricle is greater than that in its corresponding atrium, the valve is closed. As
such, blood is forced into the aorta from the left ventricle and into the pulmonary trunk from the right
ventricle [[13,[14].

The valves are attached to papillary muscles which are muscular projections of the ventricular walls,
via fibrous strands termed chordae tendinae. These muscles do not control the valves motion, they simply
avoid the valve’s prolapse. Connecting the pulmonary trunk to the right ventricle and the aorta to the left
ventricle there are the semilunar valves - respectively, pulmonary and aortic valves. Like the valves,
the semilunar valves allow an unidirectional flow and prevent backflow during relaxation periods [[13].

There are no valves connecting the venae cavae to the right atrium or the pulmonary veins to the left
atrium once in atrial contraction there’s a constriction at the site of entrance in the atria, thus increasing
resistance to backflow and consequently leading to pumping very small amounts of blood back into the
veins. The amount of blood that is pumped back into the veins yields the venous pulse, which can be
observed in the jugular vein during atrial contraction. The cardiac cycle comprises the cardiac events
that occur between the beginning of subsequent heartbeats, consisting of a period of relaxation called
diastole, during which the heart fills with blood, followed by a period of contraction called systole. The
total duration of the cardiac cycle, including systole and diastole, is the reciprocal of the heart rate. For
example, if the heart rate is 70 beats/min, the duration of the cardiac cycle is 1/70 min/beats—about
0.0143 minutes per beat, or 0.857 second per beat [[14].

Each cycle is initiated by spontaneous generation of an action potential in the sinus node, as explained
in section The sinus node (also called sinoatrial node) is located in the superior lateral wall of the
right atrium close to the opening of the superior vena cava and the action potential travels from this point
through both atria and then through a bundle of conductive fibers into the ventricles. This special setting
of the conducting system yields a delay of over 0.1 second during the passage of the cardiac impulse from
the atria to the ventricles, which allows the atria to contract ahead of the ventricles, therewith pumping
blood into the ventricles prior to ventricular contraction. As such, the atria act as primer pump for the
ventricles, whereas the ventricles provide the major source of power for moving blood through the body’s
vascular system. [14] The events of the cardiac cycle are illustrated in ﬁgure@
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Figure 2.2: Events of the cardiac cycle for left ventricular function, showing changes in left atrial pressure, left ventricular
pressure, aortic pressure, ventricular volume, the electrocardiogram, and the phonocardiogram. From [[14]]

Like any other organ or tissue, the heart needs oxygen-rich blood supply, and once the blood being
pumped through the heart chambers does not exchange nutrients and metabolic end products with the
myocardial cells, this supply is assured by the heart’s own vascular system, the coronary circulation, via
arteries that branch from the aorta, the coronary arteries [13].

The left main and right coronary arteries (respectively [LMCA] and [RCA)) arise from the root of the
aorta, providing the heart’s main blood supply (as seen in figure [2.3) [12].

[CMCA| usually branches into the left anterior descending artery and the circumflex coronary artery.
The left anterior descending artery branches in diagonal and septal arteries which supply blood to the

anterior wall and septum, respectively. The circumflex branch continues around the heart branching in
obtuse marginal arteries that supply blood to the left ventricular wall. RCA]continues through the right
atrioventricular depression and supplies blood to the right ventricle. The posterior descending branch
can either arise from the [RCA|(in 80% of the people, which have right-dominant circulation) or from the
circumflex artery (in 20% of the people, which have left-dominant circulation) [12].

Most of the cardiac veins drain into a single large vein, the coronary sinus, which empties into the
right atrium [13].
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Figure 2.3: Depiction of the coronary arteries. From



2.1 The Human Heart

2.1.1 Electrophysiology of the Heart

Like aforementioned in the previous section, an efficient blood pumping implies that atria contract
first, immediately followed by the ventricles. This is assured by the heart’s own conducting system. The
contraction of cardiac muscle, like that of skeletal muscle (and main smooth muscles) is triggered by
depolarization of the plasma membrane, with Ca>* (calcium ions) releases (Ca®>" clock) being a key
factor for the initiation of the heart rhythm [16]. Gap junctions link myocardial cells thus allowing
action potentials (AP) spread from one cell to the next - therefore, the excitation of one cardiac cell leads
to the excitation of all cardiac cells [13]. The heart’s conducting system is depicted in figure 2.4]
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Figure 2.4: Depiction of the conducing system of the heart. From [13]]

2.1.2 Myocardium

The bulk of the heart is formed by the cardiac muscle tissue, also named myocardium as previously
discussed in this chapter. The heart wall is composed of three layers with a thick layer of myocardium
between the inner endocardium and outer epicardium (or visceral pericardium) [17]].

The ventricular myocardium is composed of individual striated muscle cells or fibers which have a
diameter of 10-15um and a length of 30-60um [18]].

Under the light microscope, fibers exhibit numerous cross-banded strands, termed fibrils (or
myofibrils), which run the length of the fiber as seen in figure 2.5] The myofibrils are composed of
a serially repeating structure termed sarcomere (figure 2.3). The sarcomere occupy around 50% of the
cell mass and are aligned in such a way that the ends of sarcomeres in adjoining myofibrils are next to
one another, providing the fiber its striated appearance [[19].

The sarcomeres are composed of filaments (myofilaments) which are strands of contractile proteins
arranged in a specific manner ( myosin, and actin, which are connected by cross-bridges, and a regulatory
protein complex, tropomyosin). It is the interactions between myofilaments in the sarcomere that
ultimately generate force and shortening. Lying between the myofibrils there’s the remainder of the
cytoplasm which contains other cell constituents such as single centrally located nucleus, mitochondria
and intracellular membrane systems as depicted in figure 2.5][12} 19].

Surrounding individual myocardial fibers one can find the sarcolemma, a complex membrane
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structure composed of the cell surface membrane and its investing basement membrane. Interconnecting
neighbor myocardial fibers there are intercalated disks, which are modifications of the sarcolemma that
allow fibers to interdigitate and branch together [20, 21} 22].
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Figure 2.5: Diagram of cardiac muscle as seen under the light microscope ( top ) and the electron microscope ( bottom ). (N,
nucleus). From [12]

2.1.3 Cardiomyocytes

The heart consists of various cell types which play key roles in both physiological and pathological
conditions. Cardiomyocytes and endothelial cells (ECs) are two of the most abundant cardiac
cell types, with being the central cardiac cell type in both normal and pathological conditions.
Cardiomyocytes are generally divided into pacemaker cells and force-producing ventricular and atrial
[23]].

According to the perspective of histology, cardiomyocytes are the main cellular component of the
myocardium, presenting centrally located nuclei, cross striations and close proximity to an abundant
capillary network (due to their high oxygen demand) [24].

In the myocardium, are physically connected and communicate with each other through gap
junctions, adherens junctions, and desmosomes [25]]. They also connect with other cell types as depicted
in figure 2.6]

Ventricular myocytes are normally 50-100 mm long and 10-25 mm wide. Atrial and nodal myocytes
are smaller, whereas myocytes of the Purkinje system are larger in both dimensions. Myocytes are filled
with hundreds of myofibrils and as seen these are composed of repeating units, the sarcomeres, that form
the major contractile unit of the myocyte [12]].

Pathological conditions, such as hypertension or myocardial infarction (MI), elicit maladaptive
responses in both and non-myocytes, contributing to the deterioration of cardiac function. In fact,
within the heart and in cell culture undergo hypertrophy in response to various pathological stimuli.
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Figure 2.6: Illustration of the main cardiac cell types and their interactions with endothelial cells and cardiomyocytes. Selected
known paracrine factors mediating endothelial cell—cardiomyocyte cross-talk (angiocrines and cardiokines) are illustrated.
The relative abundances of each cell type in normal adult mouse ventricular tissue represent those quantified in adult mouse
heart. Solid arrows represent well known cell-cell interactions and dashed lines illustrate less well characterized but potentially
important interactions. ET-1, endothelin-1; FGFs, fibroblast growth factors; FST, follistatin; FSTL1, follistatin-like 1; HGF,
hepatocyte growth factor; NO, nitric oxide; VEGFs, vascular endothelial growth factors.From [23]]

In the clinical situation this generally involves chronically heightened blood pressure and this can be
mimicked in experimental animals. Hypertrophic responses can also be initiated by volume overload or
following loss of contractile myocytes due to myocardial infarction [26, 27].

Besides hypertrophic growth, cardiomyocytes can undergo apoptotic and necrotic responses under
specific pathological conditions, and usually this response is observed following brief periods of ischemia
both in vivo or in simulated ischemia in isolated where the number of apoptotic cells can reach up
to 12% [27]].

These cardiomyocytes are hardly regenerated as cardiomyocyte renewal rate is estimated at 1% each
year, declining with age [28]].

2.2 Cardiovascular Diseases

Cardiovascular diseases are the leading cause of death and disability worldwide [1]], being
also responsible for a growing proportion of preventable loss of healthy years of life, especially in the
world’s low income regions [2} 3]]. According to the World Health Organization (WHO)), an estimated
17.9 million people died from in 2019, yielding 32% of all global deaths. This was two times
as many deaths as was caused by cancer and was more than all communicable, maternal, neonatal, and
nutritional disorders combined [29]]. Of these deaths, 85% were due to heart attack and stroke [30]. In
Portugal, in 2016, CVD-provoked deaths amounted to more than 32.000 fatalities, about one-third of the
total deaths in the country [31].

According to the British National Health System (BNHS)), the four most common[CVDs|are coronary
heart disease, stroke (and transient ischemic attack -TTA), peripheral arterial disease and aortic disease
[32].



2.2 Cardiovascular Diseases

2.2.1 Coronary Heart Disease and Myocardial Infarction

Coronary blood flow brings oxygen to myocytes and removes waste products such as carbon dioxide,
lactic acid, and hydrogen ions. The heart has a very high metabolic requirement and cellular ischemia
can occur when there’s either increased demand for oxygen relative to maximal arterial supply or an
absolute reduction in oxygen supply. Most clinical cases are due to decreased oxygen supply (even
though aortic stenosis or thyrotoxicosis can also happen). Reduced oxygen supply commonly stems from
coronary artery abnormalities, particularly atherosclerotic disease. Atherosclerosis of large coronary
arteries remains the predominant cause of angina and myocardial infarction [[12].

Atherosclerosis is a progressive disease characterized by the accumulation of lipids and fibrous
elements in the large arteries -atheroma plaques [33]]. The initial event in atherosclerosis is infiltration
of low-density lipoproteins (LDLk) into the subendothelial region. The endothelium is subject to shear
stress, the tendency to be pulled along or deformed by flowing blood. This is most marked at points
where the arteries branch, and this is where the lipids accumulate to the greatest degree. The are
oxidized or altered in other ways. Thus, altered [LDL activate various components of the innate immune
system including macrophages, natural antibodies, and innate effector proteins such as C-reactive protein
and complement [[12]].

After endothelial inflammatory activation and the entering of leukocytes in the atheroma, chemokines
and chemoattractant proteins participate in the recruitment of further inflammatory cells into the intima.
Monocytes then become tissue macrophages and internalize lipoprotein particles generating foam cells.
These foam cells secrete inflammatory cytokines, reactive oxygen species and other mediators. As
macrophages can die (by apoptosis for instance), a lipid necrotic core of the mature plaque is formed.
Actions of the phagocytes amplify the local inflammatory response, for example by producing matrix
metalloproteinases that degrade extracellular matrix macromolecules that lend to the strength
of the plaque’s fibrous cap. Fracture of a weakened fibrous cap permits blood to contact thrombogenic
constituents of the plaque’s “necrotic” core. The foam cells form fatty streaks. The streaks appear in the
aorta in the first decade of life, in the coronary arteries in the second decade, and in the cerebral arteries
in the third and fourth decades [33} [12].

Current evidence suggests that the physical disruption of plaques leads to sudden progression of the
atheromatous lesions, with the most common type of plaque disruption being the fracture of the fibrous
cap, which also involves inflammation [34, 35/ 36]. When the fibrous cap is fissured, coagulation factors
present in circulation can contact with the thrombogenic lipid-rich core of the atheroma, previously
sequestered from the bloodstream by the fibrous cap. Consequently, the coagulation cascade is activated
and the generated thrombin activates platelets - as the prevailing fibrinolytic mechanisms outweigh the
pro-coagulant pathways, a limited mural thrombus, rather than an occlusive and sustained blood clot,
forms. If the thrombus occludes the coronary arteries persistently, an acute myocardial infarction can
result, as depicted in figure[2.7] [33].
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