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Foreword

Pathology of the right heart has been less studied by medical literature, there-
fore we have proposed to update the existing data in order to improve the
therapeutic solutions.

On the whole, We have reviewed the main elements of embryology, genet-
ics, anatomy, pathophysiology, diagnostic methods, right heart pathology,
and up-to-dated therapeutic solutions. We have presented the pathology of
the right heart from the point of view of its primary and secondary interests.

The objectives of this monograph were three. The first was to present the
general data from anatomy to pathology. The second part of the study was to
analyze the main diagnostic methods: exam, classical methods (cardiac cath-
eterization, angiocardiography) as well as modern methods of echocardiogra-
phy (TEE, 3D, 4D etc), MRI, Angio CT, etc. The third was to individualize
the therapeutic solutions for medical and surgical treatments. The authors of
this monograph are medical personalities who present their personal experi-
ence as well. Each chapter approaches the subject with arguments from litera-
ture, graphic examples, and iconography mainly from accumulated
knowledge. Arrhythmias, pacing problems, ICD, and CRT are addressed in
their complexity from the point of view of procedural techniques as well as
complications. The tricuspid valve pathology is treated in its primary and
secondary affection and in the context of pulmonary hypertension. The right
ventricle dysfunction is presented in its systolic and diastolic components as
well as in relation to the left ventricle. Pulmonary thromboembolism is spe-
cifically analyzed in a chapter which includes specific surgical and interven-
tional treatment. The repercussions on right ventricle function after liver
transplantation and pneumonectomy are tackled as well.

We would like to thank the authors and coauthors of this monograph for
their participation in this project.

Bucharest, Romania Ion C. Tintoiu
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Preface

Pathology of the right heart is less studied in the literature, and that is why we
have proposed to update the existing data in order to improve the therapeutic
solutions. We have reviewed the main elements of embryology, genetics,
anatomy, pathophysiology, diagnostic methods, right heart pathology, and
up-to-date therapeutic solutions. We have presented the pathology of the right
heart from the point of view of both primary and secondary interests.

The monograph has three objectives. The first is to present the general data
from anatomy to pathology. The second is to analyze the main diagnostic
methods: exam, classical methods (cardiac catheterization, angiocardiography),
and modern methods of echocardiography (TEE, 3D, 4D etc), MRI, Angio CT,
etc. The third is to individualize therapeutic solutions for medical and surgical
treatment. The authors of this monograph are medical personalities who present
their personal experience as well. Each chapter addresses the subject with
arguments from literature, graphic, and iconographic examples, generally
personal. Arrhythmias, pacing, ICD, and CRT problems are addressed in their
complexity from the point of view of procedural techniques and complications.
The pathology of the tricuspid valve is treated in its primary and secondary
affection and in the context of pulmonary hypertension. Right ventricular
dysfunction is presented in its systolic and diastolic components as well as in
relation to the left ventricle. Pulmonary thromboembolism is specifically
analyzed in a chapter that includes specific surgical and interventional treatment.
Repercussions on right ventricular function after liver transplantation and
pneumonectomy are also addressed.

We would like to thank the authors and coauthors of this monograph for
their participation in this project.

Bucharest, Romania Silviu Ionel Dumitrescu
Bucharest, Romania Ton C. Tintoiu
Sha Tin, Hong Kong Malcom John Underwood
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Heart Embryology: Overview

Florentina Radu-lonita, Ecaterina Bontas,
Viorel Goleanu, Bogdan Circiumaru,
Daniela Bartos, Irinel Parepa, lon C. Tintoiu,

and Adrian Popa

Abstract

Human heart has a complex embryological
development process driven by genetic mech-
anisms that have successive and unitary pro-
gression in a global context together with
other developments of organogenesis. The
first elements of cardiogenesis occur prema-
turely from mesoderm where cellular differ-
entiation at this level acquires cardiogenic
specificity by creating the first heart field.
From this stage, cellular multiplication is spe-
cific for myocardial, endothelial, and smooth
muscle cells through the second heart field.

F. Radu-Ionita
“Titu Maiorescu” University of Medicine,
Bucharest, Romania

“Carol Davila” Central Military Emergency
University Hospital, Bucharest, Romania

E. Bontag (<) - A. Popa

Department of Cardiology, “Prof. C.C. Iliescu”,
Emergency Institute for Cardiovascular Diseases,
Bucharest, Romania

V. Goleanu
Department of Cardiovascular Surgery, “Dr. Agripa
Tonescu” Military Hospital, Bucharest, Romania

B. Circiumaru
“Titu Maiorescu” University of Medicine,
Bucharest, Romania

Infectious Diseases Department, “Carol Davila”
Central Military Emergency University Hospital,
Bucharest, Romania

Accordingly to up-to-date evidence, the
mechanisms of this process are genetically
coordinated mainly by NKX2.5, GATA4,
Mef2, TBX5 and Hand which establish not
only the structure of the embryonic cord but
also the sequential evolution of the differen-
tiation and completion of the cardiac struc-
tures including the inlet and outlet paths. First
field and second field are the initial particular
stages of cardiogenesis. In the primary heart
tube, the differentiation into adult anatomical
cardiac structures (the atrial and ventricular
cavities) begins. The heart tube looping initi-
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ates the separation of the primitive atria, ven-
tricle and outflow tract. The separation
between these cavities is made by different
but concordant mechanisms. Coronarogenesis
is the last stage before embryonic heart
becomes functional.

Keywords

Cardiogenesis Cardiac morphogenesis
Normal heart development - First and second
heart fields - Linear and looped tube separation
Jonctional differentiation Angiogenesis
Conduction system

The norm should be established; embryos should
be arranged in stages.

Franklin P. Mall

1.1 Background

Importantly, Kloesel et al. stated that “the embry-
onic development of the human heart is a com-
plex process” [1]. As well, understanding of
cardiac development is based also on “genetics,
molecular cell biology, embryology, systems
biology and anatomy” [1]. It must also be empha-
sized that in the heart embryology numerous
terms are currently existent for the similar car-
diac structures. The extremely difficult molecular
biology and genetic taxonomy differentiates a
gene from a protein by a general agreement [1]. A
human gene is described in italic uppercase let-
ters (e.g., GATA4), while the protein obtained
from this gene is described in nonitalic uppercase
letters (e.g., GATA4) [1].

Recent data regarding cardiogenesis of Kloesel
et al. have established nine main successive stages
[1]: (1) gastrulation (three germ layers), (2) the
first and second heart fields development, (3)
heart tube, (4) heart tube looping, convergence,
and wedging, (5) septa forming with common
atrium and atrioventricular canal, (6) formation of
outflow tract, (7) development of cardiac valves,
(8) development of vessels (coronary arteries,
aortic arches and sinus venous), (9) development
of the conduction tissue. The first cardiac struc-

tures emerge from the “mesodermal precardiac
cells” that shift to the superior part of the primary
embryonic framework forming a special cardiac
structure called “cardiac crescent” [2]. Equally
important, the cardiogenesis process is sustained
by transcription factors also known as “primordial
genes” implied in cardiac morphogenesis.
Therefore, the role of above mentioned genes is to
differentiate mesodermal precardiac cells in the
myocardial cells, endothelial cells and smooth
muscle cells through the process called “the phe-
nomenon of progressive lineage restriction” [3].
Transcription factors responsible for cardiogene-
sis such as NK2 Homeobox 5 (NKX2.5) [1, 4],
GATA-binding protein 4 (GATA4) [1, 5], T-Box
protein 5 (TBXS) [1], MADS-box protein (Mef2)
[6], and Heart—and neural crest derivatives-
expressed protein (Hand) family [6] ensure the
control of cardiac differentiation. Specifically, the
interrelation between the main three transcription
factors (TBXS5, GATA4, and NKX2.5) as well the
individual action of these elements is fundamental
to cardiogenesis.

Embryonic human cardiac development in
Carnegie stages 15-23 has important knowledge
for clinical and scientific research [7]. Of note,
the evolution of the human embryo is based on
the Carnegie Institution of Washington stages
(CS) so that in the first 8 weeks are described 23
stages. Cardiac structures begin differentiation
from stage 13 Carnegie and are finalized in stage
23 (see Table 1.1) [7]. Moreover, human embryos
cardiac development from Carnegie stages 15-23
offer significant evidence looking embryogene-
sis, for instance regarding the ventricular trabec-
ulation process [7, 8].

1.2  HeartFields

At day 16 (CS6-7) of gestation, a part of epiblast
cells form by migration the mesoderm with “four
cell populations—cardiogenic mesoderm and the
paraxial, intermediate, and lateral plate meso-
derm” [1, 2]. Further, progenitor cardiogenic
mesodermal cells also known as “precardiac
cells” generate the first heart field (FHF) [1].
Equally important, the FHF generates further the
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Table 1.1 Stages of human development with corre- Table 1.1 (continued)
sponding events in cardiac development C .
arnegie
Carnegie stage Human
stage Human (CS) DPC | Characteristics
€S DPC | Characteristics CS19 48-51 | The left venous valve fuses with
CS8 17-19 | The cardiac crescent forms the secondary septum, the mural
CS9 19-21 | The embryo folds, the pericardial leaflets of the mitral and tricuspid
cavity is placed in its final valves are released
position, gully of myocardium CS21 53-54 | The main branches of the coronary
forms, the endocardial plexus artery become apparent
forms, cardiac jelly forms CS22 54-56 | The chordae tendinae form
CS10 22-23 | The heart beats, the endocardial CS23 56-60 | The septal leaflet of the tricuspid
tubes fuse, the mesocardium valve delaminates
perfo.rates, looping star.ts, the DPC days postconception
ventricle starts ballooning Modified from Kussman and Miller-Hance [7] with
CS11 23-26 | The atria balloon, the permission.
proepicardium forms See further reading section for comprehensive data
CS12 26-30 | The septum primum appears, the
right venous valve appears, the
muscular part of the ventricular . L . .
septum forms, cells appear in the lined that the transcription factor islet-1 (IsIl) is
cardiac jelly, epicardial growth exhibited by SHF cells required for the develop-
starts ment further in cardiomyocytes, smooth muscle
Cs13 28-32 | The AV cushions form, the cells and endothelial cells [2, 9]. Both, FHF and
pul_monmy vein aftaches to the SHF form cardiac crescent at day 15 [1].
atrium, the left venous valve K | X . .
appears, epicardial mesenchyme It is well established that progenitor cardiogenic
appears first in the AV sulcus mesodermal cells (precardiac mesodermal cells)
CS14 31-35 | The AV cushions approach one are the first generators in cardiogenesis. Initially,
another, the outflow ridges embryonic mesoderm cells convert in “precardiac
become apparent, capillaries form 1 o706 that exhibits Mesp-1 with the ability to
in the epicardial mesenchyme devel ltipotent “cardi it IIs
multipoten i rogenitor
CS15 35-38 | The AV cushions oppose one evelop . u . pote cardlac. progentio .Ce °
another, the secondary (CPC, exhibiting NKX2.5). As already mentioned,
foramen forms, the distal outflow CPC control by themself the capacity to develop
tract septates, the outflow cardiac myocytes, vascular smooth muscle cells,
tff)arztn?e(ilges reach the primary and endothelial cells (Fig. 1.1) [10]. It is postulated
. . that the significant resource for the CPC is SHF
CS16 37-42 | The primary atrial septum closes, .
the outflow tract ridges approach that will generate the outflow tract (OFT). However,
the interventricular septum, the the increase and generation of both OFT and heart
entire heart is covered in valves is accomplished by “non-mesodermal neu-
epicardium : ral crest cells” (NCC) of the neural fold by migra-
es17 42-44 | Secondary atrial septum appears, tion in the endocardial cushion and the arterial pole
the sinus node becomes . .
discernable, the left and right AV through genetic control of Pax3 (see Fig. 1.1) [10].
connection becomes separate, the Between days 15 and 21 (CS7-9) structural
proximal outflow tract becomes evolutionary transformations by cellular multi-
septated, the semilunar valves plication of FHF and SHF lead to linear heart
develop tube development that ts the next step of
. e development that represents the next step o
CS18 44-48 | Papillary muscles appear, the AV u . v P P R X P R
valves start to form cardiogenesis. At day 15, first locations of primi-

secondary heart field (SHF) that will create the
greater part of the heart [1]. It has to be under-

tive atrial and ventricular cavities appear in FHF
sequentially placed in lateral places of cardiac
crescent. As well, SHF represents the inside pad-
ding of FHF [1].
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Pax3
Nestin, Musashi-1

Pre-cardiac
Mesoderm

Cardiogenic
Mesoderm

Nkx2.5

PR

Mesp1

Bone Marrow

Isl1, Nkx2.5, Flk1

SHF Mef2c, GATA4, Tbx, Fgf

FHF Nkx2.5

GATA4

Isl1, Nkx2.5

S~ kit Nkx25

Fig. 1.1 Overview of myocardial CPC Markers in rela-
tion to their ontology. Pre-cardiac mesoderm cells express
Mespl until differentiation to cardiogenic mesoderm,
marked by the expression of Nkx2.5. The cardiogenic
mesoderm differentiates to form two heart fields. Cells in
the first heart field (FHF) express GATA4 in addition to
Nkx2.5. Cells of the secondary heart field (SHF) express
Isll and Nkx2.5. The SHF also becomes populated by

neural crest cells (NCC) expressing Pax3. Markers associ-
ated with the heart field cells but showing greater variation
in their expression are indicated in blue type. In addition
to cardiogenic mesoderm, cells from the pro-epicardial
organ and also of hematopoietic lineage have been identi-
fied in the myocardium. Abbreviations: NCC neural crest
cells, SHF second heart field, FHF first heart field. From
Chalajour et al. [10]. It is open access chapter.

Post-Fertilization Days

18 24 26 29

Heart tube —
Heart loop
Aortic arch/pulm art
Ventricular septation
Outflow tract separation
Semilunar valve formation
Ductus arteriosus

Fig. 1.2 Timeline of outflow tract and semilunar valve

development post-fertilization. The colors represent con-

tributions to cardiac development from different cell pop-
ulations. These contributions are from the first heart field

To sum up, FHF along with SHF and the
migration of NCC into SHF participate in all
stages of cardiogenesis (Fig. 1.2) [1, 10-12].

Consequently, at day 21, the first sites of atrium
and ventricle cavities appear in FHF sequentially

35 37 39

(red), second heart field (yellow) and cardiac neural crest
(blue). Modified from Gittenberger-de Groot et al. [11].
From Martin et al. [12]. It is an open access article.

placed in lateral places of cardiac crescent. As
already described above, SHF represents padding
through cells placed inside FHF. From day 21
(CS9), cardiac crescent becomes linear heart tube
which is a multicellular structure formed from the
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upper part to down by truncus arteriosus, bulbus
cordis, primitive ventricle and primitive atrium
(Fig. 1.3) [1].

The hallmark of this phase is formation of the
linear heart tube which initially has an arterial
pole in the superior region and a venous one in
the inferior region. Additional, Ward et al.
showed that the right side of the SHF is partly
responsible for the development to the left side of
the outflow myocardium [14]. Moreover, the
anterior component of the SHF (“anterior heart
field”) provide the myocardial cells from the
right ventricle and the OFT [14].

Day 15: Cardiac crescent

FHF

SHF

Day 28: Looped heart tube

1l
Aortic
arch |y
arteries

Conotruncus

Fig. 1.3 Schematic representation of cardiac embryol-
ogy. (a), Cardiac crescent at day 15. The first heart field is
specified to form particular segments of the linear heart
tube. The second heart field is located medial and caudal
of the first heart field and will later contribute cells to the
arterial and venous pole. (b) By day 21, cephalocaudal
and lateral folding of the embryo establishes the linear
heart tube with its arterial (truncus arteriosus) and venous
(primitive atrium) poles. (¢) By day 28, the linear heart
tube loops to the right (D-loop) to establish the future

Atrioventricular
valve

1.3  Liniar Heart Tube

In the interval of days 19-21 (CS9), the linear
heart tube is already built being a multicellular
structure formed in the superior area from truncus
arteriosus and bulb cordis, and in the lower part
from the primitive ventricle and primitive atrium
[1]. In fact, Kloesel et al. showed that the linear
heart tube is already formed in day 21 (Fig. 1.3)
[1]. By the day 28, the linear heart tube changes
through the looping process (expansion and elon-
gation of the heart tube) into the right (D-loop) to
establish the future arrangement of the cardiac

Day 21: Linear heart tube
® ®

s truncus arteriosus

bulbus cordis

primitive ventricle

primitive atrium

Day 50: Mature heart

position of the cardiac regions (atria [A], ventricles [V],
outflow tract). (d) By day 50, the mature heart has formed.
The chambers and outflow tract of the heart are divided by
the atrial septum, the interventricular septum, 2 atrioven-
tricular valves (tricuspid valve, mitral valve) and 2 semi-
lunar valves (aortic valve, pulmonary valve). FHF
indicates first heart field; SHF, second heart field. Adapted
in modified form from Lindsey et al. [13]. From Kloesel
et al. [1] with permission.



F. Radu-lonita et al.

areas such as atria, ventricles and OFT (Fig. 1.3)
[1, 13]. It has to be underlined that recent evi-
dence shows that the mainly part of heart is cre-
ated by migration of precursor cells from the SHF
with the development of heart tube [1].

Consistently with above data, the comprehen-
sive assessment of Kussman et al. (see Table 1.1)
sustains that looping of heart tube has onset dur-
ing days 22-23 (CS10) [7].

1.4 Looped Heart Tube
Between days 21 and 28 (CS9-13) the linear heart
tube rotates and becomes a looped heart tube
through the separation of atriums and ventricles;
in which atrioventricular valve separates atrium
cavities from left ventricle, and conotruncus sepa-
rates aortic sac from right ventricle (Fig. 1.3) [1].
Of great interest is considerable evidence sus-
tains that the primary linear heart tube under the
control of genetic factors transforms through the
inner curvature into a new form, process known as
looping heart tube. Particularly, it has three funda-
mental elements in its structure: entry and exit
points; and between above mentioned entry and
exit points, the primitive atrial and ventricular car-
diac cavities structures emerge. As a result, entry
tract of the looping heart tube are sinus venosus
(SV) and the sinoatrial ring (SAR) that continue
with unique atrium. Additionally, an efferent loop-
ing pathway comes exclusively from SHT [15].
Gittenberger-de Groot et al. describe looping
of the heart tube as the process characterized by
“the differentiation of the primary heart tube into
cardiac chambers (CC) and transitional zones
(TZ)” [16]. Same team points up that many tran-
sitional zones are the components of the develop-
ing “septa, valves, conduction system, and
fibrous heart skeleton” [16]. Moreover, these
transitional zones will be in part included in the
development of the final right atrium and left
atrium, respectively in their right ventricle and
left ventricle [16]. In addition, the team of
Gittenberger-de Groot et al. showed that “from
the venous to the arterial pole there are the sinus

venosus and the sinoatrial ring (TZ), the primi-
tive atrium (CC), the atrioventricular canal or
ring (TZ), the primitive left ventricle (CC), the
primary fold or ring (TZ), the primitive right ven-
tricle (CC), and the ventricular OFT with a proxi-
mal and a distal part, also referred to as the
ventriculoarterial ring (TZ)” (Fig. 1.4) [16].

The looping process of heart tube joins all
above TZ together in the padding of the heart
tube, specifically in the inner curvature [16].

Typically, from all TZ, the sinus venosus (SV)
and primary fold do not generate endocardial
cushions, while the AVC and OFT develop cush-
ions. Importantly, the transition areas (TZ) of
looped heart tube are the basic structures in the
development of interatrial septum and interven-
tricular septum, of the mitral valve, tricuspid
valve, aortic and pulmonary valves, besides con-
duction tissue (see Fig 1.4) [16].

AS

VAR —
K B

PRV

SAR

AVR

PLV

I
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Fig 1.4 Schematic drawing of the looped heart tube with
the cardiac chambers and the transitional zones.
Following the blood flow from venous to arterial, we can
distinguish the sinus venosus (SV), the sinoatrial ring
(SAR), the primitive atrium (PA), the atrioventricular ring
(AVR) encircling the atrioventricular canal, the primitive
left ventricle (PLV), the primary fold or ring (PR), the
primitive right ventricle (PRV), the outflow tract ending at
the ventriculoarterial ring (VAR), and the aortic sac (AS)
From Gittenberger-de Groot et al. [16] with permission.
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Atrial and Ventricular
Genesis

1.5

The genesis of atriums and ventricles cavities
comprises the following stages: left from right
ventricle separation, unique atrium, creation of
the atrioventricular floor from the common atrio-
ventricular channel, and the entry and exit sepa-
ration from each ventricle (Fig. 1.5) [17].

Importantly, these processes are developing
successively or concomitantly and are developed
under genetic control. Precisely, Pitx2 gene
determines left-right asymmetry, morphologic or
structural differentiation among the right and left
heart [18].

1.6  Atrial Septation

Separation of left atrium from right atrium is a
progressive process starting with the “septum
primum’” or primary atrial septum that is covered
by a mesenchymal cap and grows from the low-
est part toward apex. Meanwhile, another dorsal
mesenchymal protrusion advances parallel with
septum primum in the common atrium and par-
ticipate to the downward growing of primary
atrial septum (Fig. 1.6) [1]. Before the primary
atrial septum is getting to the endocardial cush-
ion, a small hole named ostium primum persists.
Moreover, in the cranial part appear fenestrations
which become the ostium secundum by cell death
mechanism [1].

Kloesel et al. state that around day 33, a second
septum forms and further will develop the fora-
men ovale—a valve that lets the blood of the right
atrium to pass on the left atrium during right-to-
left shunting, also a feature of placental and sys-
temic venous blood from gestation [1]. On the
other hand, Kussman et al. show that during
35-38 days (CS15), the secondary foramen devel-
ops. Further, the primary atrial septum closes in
CS16 [7]. The ostium primum is closed after join-
ing of the primary atrial septum, mesenchimal
cap, dorsal mesechimal protrusion along with the
major atrioventricular cushions (Fig. 1.6) [1].

Aortic sac

Right ventricle

Atrial appendages

Left ventricle

Primary
atrium

Venous tributaries s—

Fig. 1.5 This illustration shows the origin of the compo-
nents of the developing atriums and ventricles. The myo-
cardium of the primary heart tube is shown in purple, and
makes up the primary atrium, the atrioventricular canal
(AVC), the inlet and outlet components of the ventricular
loop, and the outflow tract. Shown in green are the sys-
temic venous tributaries, which are eventually incorpo-
rated within the right atrium, and the aortic sac with its
arterial branches. The pulmonary vein is not shown, this
being a new development appearing concomitant with the
formation of the lungs. The atrial appendages, shown in
blue, balloon in parallel from the primary atrial compo-
nent of the heart tube. The apical parts of the ventricles, in
contrast, balloon in series from the primary tube, with the
apical part of the left ventricle growing from the inlet
component, and the apical part of the right ventricle from
the outlet component. From Moorman et al. [17] with
permission.
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Mesenchymal cap
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atrioventricular
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Fig. 1.6 Overview of processes leading to atrial septa-
tion. (a) Atrial septation begins with formation of the pri-
mary atrial septum (septum primum) that extends from
the atrial roof downwards towards the major atrioventric-
ular cushions. The leading edge of the primary atrial sep-
tum carries a mesenchymal cap. The venous pole of the
heart is attached to dorsal mesocardium. (b) As the pri-
mary atrial septum continues its migration downwards
and approaches the major atrioventricular cushions, it
closes a gap known as ostium primum. Mesenchmal cells
from the dorsal mesocardium have invaded the common
atrium and join the downward growing primary atrial sep-
tum as the dorsal mesenchymal protrusion. (c¢) After

Finally, the secondary atrial septum (septum
secundum) will occlude the ostium primum at
birth (when pulmonary vasculature dilates caus-
ing decreasing in right atrial pressures) by mecha-
nism of a flap-valve (Fig. 1.6) [1].

1.7  Ventricles Separation

Separation of the two ventricles starts from the
looping heart stage when the univentricular cav-
ity reshapes its primary structure as well as the

b
Dorsal
mesenc_:hymal
RA LA protrusion
[ Ostium primum
RV Lv
d
[\ Inward folding
U of atrial roof
RA LA
RV Lv

fusion of the primary atrial septum, mesenchymal cap and
dorsal mesenchymal protrusion with the major atrioven-
tricular cushions, the ostium primum is closed. At the
same time, part of the cranial septum primum breaks
down and forms the ostium secundum. (d) Inward folding
of the myocardium from the atrial roof produces the sec-
ondary atrial septum (septum secundum) which grows
downwards to occlude the ostium primum by mechanism
of a flap-valve (at birth, pulmonary vasculature dilates
leading to a drop in right atrial pressure; the higher left
atrial pressure pushes the primary atrial septum against
the secondary atrial septum). From Kloesel et al. [1] with
permission.

future entry (inlet) and exit (outlet) paths align in
the embryonic structure at the same level [19].
Importantly, the separation of primitive ven-
tricle in the end to the left ventricle and the right
ventricle is established by the interventricular
septum that has distinctive muscular and mesen-
chymal constituents. Subsequently, the muscular
structure comes up from the interventricular
groove by myocardial development of the
ventricular wall. Secondly, the mesenchymal
constituent comes up above all by combination
of the conotruncal endocardial cushions and
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atrioventricular endocardial cushion. To same
extent, Kloesel et al. concluded that “the com-
plete ventricular septation depends on fusion of
the outflow tract (conotruncal) septum, the mus-
cular ventricular septum, and the atrioventricular
cushions tissues™ [1].

The basic helix-loop-helix (bHLH) transcrip-
tion factors Handl and Hand2 have significant
function keys in cardiogenesis [20]. Specifically,
Hand!1 (eHand, thingl, Hed) and Hand2 (dHand,
thing2, Hxt) have important roles in heart devel-
opment. Also, NKX2.5 and GATA4 genes are
expressed in ventricular structures during cardio-
genesis. The left ventricle develops under genetic
control of Hand1 that is also implied in the for-
mation of the interventricular septum and atrio-
ventricular valve [2, 19]. Hand2 is compulsory
for the right ventricle development [2, 19].
Especially, the presence and role of Hand2 in
SHF have major contribution to the heart devel-
opment, as well as the right heart ventricle [20].
Shortly, right ventricle occurs separately from
SHF under genetic control of Hand2, and from
this genetic control comes the idea that there is
no primary direct relationship between the two
ventricles during cardiogenesis [2, 19, 20, 54]. To
sum up, FHF is exhibiting Handl, NKX2.5,
TBXS and supports the development of the left
ventricle. On the other hand, SHF is exhibiting
Hand2, NKX2.5, GATA4, Isl1 and TBX1, and
supports right ventricle development.

Franco et al. showed on two different trans-
genic mouse lines trying to investigate the devel-
opment of the muscular interventricular septum
that the Mlclv-nlacZ-24 transgene is exhibited
only by the OFT and the right ventricle myocar-
dium [21]. Also, the Mlc3f-nlacZ-2 transgene is
exhibited only by the left ventricle myocardium
and the atrial appendages. These results support
that the development of the interventricular sep-
tum is initiated by a symmetric cooperation of
both ventricles constituents [21]. Subsequently,
Moorman et al. support that the left—right asym-
metry doesn’t express the morphological differ-
ences between both ventricles [17].

Regarding the initiation and development of
the septation process there are two hypotheses,
one active from the apex to the atrioventricular
layer [22] and a passive one produced by the

Left atrium

Right

yentricle

Fig. 1.7 This scanning electron micrograph, from a
mouse embryo with 42 somites, shows the formation of
the muscular ventricular septum. The specimen was pre-
pared by transecting the heart through the atrioventricular
canal, and the photograph is of the posterior segment.
Note the inferior cushion (IC) occupying most of the pos-
terior margin of the canal, but note also that the floor of
the right atrium is in continuity with the roof of the devel-
oping right ventricle at the right margin of the atrioven-
tricular canal, even though the atrioventricular groove
interposes between the cavities of right atrium and right
ventricle (yellow dashed line). Ballooning of the apical
parts of the right and left ventricles from the ascending
and descending parts of the ventricular component of the
primary heart tube, respectively, has produced the primary
muscular ventricular septum between them (star). The pri-
mary ventricular foramen (yellow bracket) provides the
entrance at this stage to the developing right ventricle.
From Anderson et al. [24] with permission.

ballooning of the single ventricular cavity [23].
Moreover, Anderson et al. support the hypothesis
of ballooning and proves that between the ascend-
ing and descending side of the primary tube,
originates the interventricular septum (see
Fig. 1.7) [24].

Atrioventricular Junction
Formation

1.8

The atrioventricular junction or atrioventricular
canal (AVC) is an embryological structure that
consists of the inferior component of the ventric-
ular septum (inlet septum), the lowest area of



12

F. Radu-lonita et al.

interatrial septum (‘“vestibular septum”), along
with the primary structures of the mature atrio-
ventricular valves [2]. To start with, the atrioven-
tricular junction begins from the looping heart
tube, particularly from the mesenchyme existent
in endocardial cushions of the atrioventricular
canal [2]. Initially, during the looping heart
phase, the endocardial cushions of AVC join
primitive atria with the embryonic left ventricle.
Additionally, the embryonic right ventricle and
the right part of the primitive atria have no inter-
action. Only that, during development of the
right ventricle due to the migration of myocardial
cells from the anterior SHF, the right AVC
increases from the dorsal primary fold located
among the right part of the AVC and the inner
curvature of cardiac crescent [2].

Further, Gittenberger-de Groot et al. come up
with their theory about AVC development
(Fig. 1.8) [16]. Firstly, they sustain that “the pri-
mary heart tube after looping shows an atrioven-
tricular canal, a primitive left ventricle, and a
primitive right ventricle that are separated by the
primary fold or ring” [16]. The primary inter-
atrial septum (ostium primum) and membranous
interventricular septum join in the atrioventricu-
lar canal by a progressive differential cellular
multiplication process that is the initial stage of
the atrioventricular junction. The atrioventricular
endocardial cushion channel divides the upstream
of atrioventricular junction into the right and left
sides. The separation is initiated through a band
(primary ring) (PR) (Fig. 1.8a) [16] and it is con-
tinued by its expansion to the muscular interven-
tricular septum, thus achieving the initial
separation of the atrioventricular canal into the
two orifices that will be the future mitral and tri-
cuspid valves (Fig. 1.8b) [16]. Concurrently with
the valvular atrioventricular delimitation, a sepa-
ration band is formed by modifying the primary
ring, being a splitting band that begins the forma-
tion of the right ventricle (Fig. 1.8¢c) [16]. The
ventriculo-arterial ring forms the separation
between the unique ventricle, where the interven-
tricular septum is initiated and the common arte-
rial trunk which is separated by a band (ring)
structurally similar with the atrioventricular canal
to the initial aorta and the trunk of the pulmonary

artery. This also delimits the spaces where the
atrioventricular valves and semilunar valves will
form (Fig. 1.8d) [16].

Wessel et al. studied fifteen human embryos
and fetuses (at least two with same stage) starting
with Carnegie Stage 14 forward [25]. They didn’t
solve the problem of atrioventricular junction
genesis, but they stated two possible hypotheses
as the mechanism of the atrioventricular junction
genesis (Fig. 1.9) [25]. The first hypothesis
assumes that the atrioventricular sulcus is the
only structure responsible for the development of
the fibrous annulus and the atrioventricular
valves [26]. In addition, the second hypothesis
considers that merging of sulcus tissue and cush-
ion tissue of the ventricular side of the atrioven-
tricular junctional myocardium triggers the
division of atrial myocardium from ventricular
myocardium (Fig. 1.9) [25].

Lockhart et al. studied the participation of epi-
cardially-derived cells (EPDCs) and endocardially-
derived mesenchymal cells (ENDCs) to the
atrioventricular junction genesis [27]. According
to them, the development of the AV sulcus and the
annulus fibrosus is followed by the stage when a
subtype of AV-EPDCs move in the components of
AV cushions. In particular, the EPDCs populate
only components of the lateral AV cushions [27].
On the other hand, the movement of AV-EPDCs to
the AV junction and the annulus fibrosus develop-
ment it is followed by subsequent movement of
the AV-EPDC:s to the parietal leaflets of atrioven-
tricular valves. Therefore, AV-EPDCs have a sig-
nificant function in the annulus fibrosus
development and they combine with the existent
AV-ENDCs being an important factor in the
growth of the parietal leaflets of atrioventricular
valves (Fig. 1.10) [27].

1.9  Atrioventricular Valves

The initiation of the atrioventricular valves gen-
esis originates in endocardial tissue of AV cush-
ions [28]. The cell population at this level is made
up of AV-ENDCs with asymmetric and sequen-
tial multiplication forming two first subdivisions,
the first one located upper and lower, and the
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Fig. 1.8 Schematic representation of the remodeling of
the cardiac chambers and the transitional zones at the ven-
tricular level. (a) internal view of the looped heart tube.
The transitional zones are, going from the venous to the
arterial pole, the atrioventricular ring (AVR, dark blue),
the primary ring (PR, yellow), and, at the distal end of the
myocardial outflow tract, the ventriculoarterial ring (VAR,
bright blue). (b) During looping, with tightening of the
inner curvature (arrow), the right part of the AVR moves
to the right of the ventricular septum (VS). (c¢) Start of

formation of the inflow tract of the right ventricle by exca-
vation of the PR. The lower border is formed by the mod-
erator band (MB). (d) Completion of the process with
formation of a tricuspid orifice (TO) above the right ven-
tricle (RV) and the aortic orifice (Ao) and the mitral ori-
fice (MO) above the left ventricle (LV). It is easily
appreciated that there is aortic-mitral continuity, whereas
the distance between the TO and the pulmonary orifice
(Pu) is marked. From Gittenberger-de Groot et al. [16]
with permission
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Fig. 1.9 Schematic diagram shows the two current
hypotheses for the development of the atrioventricular
junction in the human heart. (a) The situation at the atrio-
ventricular junction at ~4 to 5 weeks of development.
Myocardial continuity between atrium and ventricle is
achieved through the myocardium of the atrioventricular
canal. The atrioventricular junction is sandwiched
between the tissues of the atrioventricular sulcus at the
epicardial side and the atrioventricular cushion at the
endocardial side. (b) The hypothesis in which the atrio-
ventricular sulcus is held responsible for the insulation of
atrium and ventricle and is supposed to be the only tissue
contributing to the formation of the fibrous annulus and
the leaflets of the atrioventricular valves (modified from
information presented in Reference [26]). The presumed
remnants of the atrioventricular cushions are located on
the apical aspects of the leaflets. (¢) The hypothesis sup-
ported by the data presented in this paper. The separation
between the atrial and ventricular myocardium in this
hypothesis is established by fusion of sulcus tissue and
cushion tissue at the ventricular aspect of the atrioven-
tricular junctional myocardium. (Note: The contribution
of the myocardium to the formation of the leaflets is not
illustrated in this schematic.) A indicates atrium, CT
cushion tissue, ST sulcus tissue, AV myocardium of the
atrioventricular canal, V ventricle. From Wessels et al.
[25] with permission.

second one on the right and left side wall of AV
cushion (Fig. 1.11) [29].

These two components progressively fuse
accomplishing AV mesenchymal complex [30].
Process by which they will subsequently cause
the primary atrial foramen enclosure (CS16) and
accurate atrioventricular separation [7, 30].

Markwald et al. demonstrated how epicardial-
derived cells (EPDCs) participate to genesis of the
atrioventricular valves by their migration into AV
cushion under the control of isoform 4 of

morphogenetic bone protein (Bmp4) and TBx2
[28]. The formation of fibrous annulus is initiated
by a subset of EPDCs migrated into the atrioven-
tricular valves explaining the presence of these
cells in the valvular cusps [29]. Remodeling of the
cusps is done by the delamination process.
Explicitly, it is separating the muscle tissue from
the AV cushion from the mesenchymal tissue of
the valvular leaflets that subsequently transform
into fibrous tissue and collagen, mediated by fibro-
blast growth factors (FGF), PTPN11 (PTPNI11
encodes the non-membranous protein tyrosine
phosphatase), Wnt signaling and periostin [2].

Same mechanism, it is also involved in
ENDCs, but the relationship between these cel-
lular groups is not known [27]. Further, Lockhart
et al. [29] suggest existence of evidence that
derived cells AV-EPDCs may possible transform
in various cell types such as interstitial fibro-
blasts, coronary smooth muscle cells, coronary
endothelium, and myocytes [29].

Howeyver, there are few AV-EPDCs to the end
of the valvulogenesis in the structure of the leaf-
let fibroblasts, this process being explained by
their abundance in the atrioventricular annulus.
Decreasing of the AV-EPDCs migration in the
valvular tissue is controlled also by the isoform 2
of bone morphogenetic protein (Bmp2). Lockhart
et al. showed in one study on mice that blocking
the Bmp receptor Alk3 from epicardial cells and
their derivatives, results in reduction of AV sul-
cus, decrease of EPDCs migration to parietal
atrioventricular valve cusps, and the absence of
the annulus fibrosus development [29]. Also, this
study proves the importance of Bmp signaling in
AV valvulogenesis [29].

1.10 Atrioventricular
Valvulogenesis

The mesenchyme of the endocardial cushions is
common for all four heart valves [2]. Markwald
et al. describe four steps in atrioventricular and
semilunar valvulogenesis: (1) endocardial-to-
mesenchyme conversion in junctional myocar-
dium, (2) development of the mesenchyme as
endocardial cushions, (3) remodeling process of
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Fig.1.10 Schematic representation of the contribution of
the AV epicardium and the epicardially-derived cells to
the development of the AV junction. After formation of
the epicardial epithelium (green), epiEMT generates a
population of AV-EPDCs (green cells in panel a) that, as
far as their gene expression profile is concerned, are still
very similar to the epicardium itself. However, when the
AV-EPDCs migrate further into the AV sulcus and
approach the AV myocardium (red cells), the molecular
profile of the AV-EPDCs changes drastically as the expres-

Fig.1.11 This cartoon shows the fate of
the individual AV cushions. The superior
and inferior AV cushion (sAVC and iAVC)
fuse at the midline and give rise to the
septal leaflet of the right AV valve (SL)
and the aortic leaflet (AoL) of the left AV
valve. The right lateral AV cushion
(rlAVC) forms the right parietal leaflet of
the right AV valve (RPL), whereas the left
lateral AV cushion forms the left parietal
leaflet of the left AV valve (LPL). From
Lockhart et al. [29] with permission.

a
rl-AVC

mesenchyme into collagen-secreting interstitial
valve fibroblasts, and (4) remodeling to the
mature valve tissue by “leaflet compaction, atten-
uation, and formation of fibrous continuities”
[31]. Furthermore, both atrioventricular valves
have differences looking anatomical configura-
tion and histology. It has to be underlined, that
the mitral valve has insertion of the papillary
muscles only in the free lateral wall of the left

ventricle

sion of genes characteristically found in the mesenchyme
of the annulus fibrosus (e.g., MMP2) and the AV cushions
(e.g., Sox9) is upregulated. These “differentiated”
AV-EPDCs (red cells in panel a) then penetrate the AV
myocardium to form the annulus fibrosus (panel b) and
migrate into the parietal AV valve leaflets where they
intermingle with the endocardially-derived mesenchymal
cells (ENDCs; blue cells in panels a and b). From
Lockhart et al. [27]. It is an open access article.

ventricle, and the septal tricuspid valve leaflet
attaches directly to interventricular septum.

1.10.1 Mitral Valve

The mitral valve is composed from endocardium
and connective tissue. Even if, the anterior and
posterior mitral leaflets have same source from
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the endocardial cushion of the AVC, their genera-
tion and forming are completely other [2].

Both mitral valve leaflets originate in the
endocardial cell layer of the AV channel and their
subsequent development is linked with septalisa-
tion process and aortic valve rotation [2]. Initially,
the anterior mitral valve leaflet has only mesen-
chymal origin with no muscle component, and its
papillary muscles are formed just from the free
lateral wall of the left ventricle, explaining why
the mature mitral valve does not have septal
insertion [2, 32]. Also, de Lange et al. state that
during formation of the aortic mitral valve leaflet
this is connected to myocardium only at its cra-
nial and caudal edges, therefore tendinous cords
are forming and attaching to the papillary mus-
cles at these sites [33]. However, there are no ten-
dinous cordal connections of the mitral valve
with the interventricular septum.

1.10.2 Tricuspid Valve

Initially, the tricuspid valve is a muscle structure
with three developing points from the walls of
right ventricle: septal (ventricular septum), ante-
rior (anterior part of the right of the inferior AV
cushion) and inferior (inferior right ventricle) [2].
The mesenchymal tissue of the endocardial AV
cushions overlay inside all above three myocar-
dial walls [2]. The anterior leaflet of tricuspid
valve starts from anterior muscle wall of right
ventricle, and this leaflet becomes functional by
the process of myocardium apoptosis (‘“demyo-
cardialization”) [2]. Also, septal leaflet and pos-
terior leaflet delaminate from myocardial walls
of right ventricle [2]. On the other hand, the ante-
rior leaflet keeps its connection with normal
junctional part from the AV junction [2]. The
papillary muscles start from the right ventricle
walls and by compaction they develop in correla-
tion with the cords of the tricuspid valve leaflets
[33]. Finally, tendinous cords have their origin
from the mesenchymal tissue of tricuspide valve,
and they develop by the process of the remote
component fragmentation of the ventricular side

of the leaflets being transformed into fibrous
structures [2].

1.11 Cardiac Outflow Formation

It also known as “conotruncus”, “conus” and
“infundibulum” [34]. The primitive OFT of the
human heart is an endothelium-lined tube cov-
ered by an extracellular matrix layer named
“endocardial jelly” that further it is coated by an
outer muscular cuff [35].

The cells included within initial structure of
OFT originate from anterior heart field (anterior
component of the SHF) and cardiac neural crest
(CNCO) [2]. Therefore, CNC cells may be implied
in the development of the smooth muscle cells
from the walls of the two great vessels [2]. It
seems that the remodelling of OFT into pulmo-
nary and aortic arteries implies the cooperation
of different cell types including neural crest cells,
myocardium, and endocardium [36]. For
instance, the cardiac neural crest signaling to
SHF add together cardiomyocytes and smooth
muscle cells in development of the OFT [34]. In
humans, the OFT rotation has been accepted
from Carnegie stage 15 [36]. Also, the myocar-
dial wall rotation of the OFT is part of remodel-
ling process of the OFT, directly correlated with
the influx of neural crest [36].

Buckingham et al. believe that conotruncus—
forming cells are derived from SHF only by
excluding CNC participation in the distal portion
of large vessels (truncus), theory unconfirmed by
other studies [15]. In the initial stage (day 21), the
OFT is found in the linear heart tube in the emerg-
ing portion of the single ventricle chamber, fol-
lowed by the looping stage (day 28) when the
differentiation begins in the conotruncus followed
by the aortic sac (Fig. 1.12) [12, 37, 38]. As well,
CNC cells do signaling process that form the
OFT, the aortic arch, ventricular and atrial septae
[12]. The ventricular myocardial structure is
united with the vascular trunk by a fibrotic cell
source called annulus, generated by endothelial
derived mesenchyme (Fig. 1.12) [12, 37, 38].
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Fig. 1.12 Genesis and cellular contributions to the out-
flow tract. Schematic shows the locations of outflow tract
(OFT) colonization by the extra-cardiac cardiac neural
crest (blue), vascular smooth muscle derived from the sec-
ond heart field (dotted yellow) and the location of myocar-
dium from derived from the second heart field (striped
yellow). The aortic annulus or hinge region is formed
where myocardial cells meet the vascular smooth muscle
cells of the media of the aorta and pulmonary trunk and

1.12 Outflow Separation

OFT septation begins between 23 and 25 days of
human embryogenesis. Presently, the separation
process mechanisms of OFT are still unclear,
therefore there are many hypotheses. As well,
there is still confusion looking plentiful terms
used to explain “the endocardial ridges” or “cush-
ions”, structures implied in the septation of the
OFT.

The hypothesis of Van Mierop et al. consider
that three components split OFT, that is the aorto-
pulmonary septum with distal and proximal
ridges. Firstly, the ridges join and develop a sep-
tum that further joins with the aortopulmonary
septum. Further, septation joins the proximal
ridges developing the proximal conal septum that
unifies with the distal septum finishing septation
process [39].

The hypothesis of Icardo sustains the spiral
septum development. He declares the existence

[P SHF-derived myocardium

7] Extra-cardiac CNC derived

. Endothelial-derived conal
endocardial cushions

Truncal

endothelial derived mesenchyme is the source of the fibro-
blastic annular tissue. The media of the aorta and pulmo-
nary trunk is derived from secondary heart field proximally
(dotted yellow) and the cardiac neural crest distally (blue).
The interface between these populations is at the sinotubu-
lar junction. Abbreviations: Ao aorta, AS aortic sac, AVC
aorto-ventricular cushions, LV left ventricle, PT pulmo-
nary trunk, RV right ventricle. Modified from [37, 38].
From Martin et al. [12]. It is an open access article

of unconnected proximal and distal ridges.
Spiralling is acquired by end-to-end joining of
paired proximal ridges with the paired distal
ridges, resulting in connected ridges unified
lengthways, and intersected at their midpoints
[40].

In same time, Bartelings on a human hearts
study supposes that the endocardial ridges have
no involvement in the OFT septation process
[41].

Finally, Webb et al. consider that “it is the dis-
tal cushions that divide the distal outflow tract
into the intrapericardial parts of the aorta and pul-
monary trunk, with the proximal cushions sepa-
rating both the arterial roots and their ventricular
outflow tracts” [42].

Importantly, there is a counterclockwise direc-
tion in the rotation process of the junction of the
OFT and great arteries align the aorta to the left
ventricle and pulmonary artery to the right ven-
tricle [38].
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1.13 Aortic and Pulmonary Valves
Formation

With development of OFT, its cushion tissue
extend in the jelly and generates a spiral pattern
around the lumen [35]. Further, the cushions of
OFT join in the midline and separate the OFT
into its aortic and pulmonary channels [35].
Shortly, the aorta and the pulmonary artery are
developing from aortic sac [2]. Semilunar valves
genesis begins on days 31-35 starting with the
pre-existing endocardial cushions of the OFT and
the atrioventricular junction of the primitive
heart tube [43].

During the OFT septation process, in the prox-
imal region an invasion of endothelial cells is pro-
duced in the contruncal region and fuse with
endocardial cushions. This configuration 1is
divided in two sides that contain inferior and pos-
terior septal cushion and two sides of insertion of
anterior pulmonary valve and aortic posterior
valve. Therefore, from the right posterior side of

interposed cushion forms the noncoronary aortic
cusp and from the anterior left side forms the
anterior pulmonary cusp. From the superior and
inferior septal cushion form left and right cusps of
the aortic and pulmonary valves (Fig. 1.13) [12].

Recently, based on serial and three-
dimensional reconstructions of human embryos
in the Shaner Collection at different stages,
Milos et al. observed that “the pulmonary semilu-
nar valve regions are more normal and uniform in
structure supporting the concept that there is
some independence of the development of the
aortic and pulmonary semilunar valves from each
other” [35].

1.14 Ventriculoarterial Junctions

Anatomic ventriculoarterial junctions represents
the connection between a muscular component
(infundibular) formed by the interventricular sep-
tum separation mechanisms, and the pulmonary

Pulmonary

Fig. 1.13 Development of the leaflets of the aortic and
pulmonary valves. The semilunar valves arise from the
conotruncal and intercalated cushions of the outflow tract.
The conotruncal (superior and inferior septal) cushions
give rise to the right and left leaflets of each of the semilu-
nar valves. In the aorta, these are the right and left coro-
nary leaflets, while in the pulmonary valve, these are the
right and left cusps. The right-posterior and the left-
anterior intercalated cushions develop respectively into

the posterior aortic (non-coronary cusp of the aortic valve)
and the anterior pulmonic (anterior cusp of the pulmonic
valve) leaflets. Abbreviations: AL anterior leaflet, APIC
anterior pulmonary intercalated cushion, CA coronary
artery, ISC inferior septal cushion, LL left leaflet, LCL left
coronary leaflet, NCL non-coronary leaflet, PAIC poste-
rior aortic intercalated cushion, RCL right coronary leaf-
let, RL right leaflet. From Martin et al. [12]. It is an open
access article.
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and aortic valves generated in proximal portion
of the arterial trunk. When OFT septation process
undergoes, the aortic orifice attaches to the left
ventricular outflow tract, meanwhile the pulmo-
nary orifice lies over the right ventricle [16].
Moreover, the team of Gittenberger-de Groot
et al. showed by reconstruction the OFT of two
human embryos that the condensed mesenchyme
is located corresponding to the mesenchymal
vessel wall, the arterial orifice level, the cushion
tissue and the myocardium (Fig. 1.14) [16].

1.15 The Cardiac Vascular Genesis
1.15.1 Coronary Arteries

There is still a lot of uncertainty about the genesis of
the coronary arteries. However, it is clear that the
coronary artery connection is the last stage of car-
diogenesis being done after the separation of the
cardiac cavities, and the inlet and outlet pathways
from atria and ventricles. Ventricular endocardial
cells represent the main origin of the coronary arter-

Fig.1.14 Reconstruction of the heart of a human embryo
of 5 week development. (a) The myocardium (brown) of
the ventricles reaches up to the arterial orifice level. The
pulmonary trunk (green) arises anteriorly from the right
ventricle and the aorta (red) originates at a more caudal
and posterior level. (b) The myocardium has been
removed and the endocardial outflow tract cushions (light
yellow) and the atrioventricular cushions (dark yellow)
become visible. The condensed mesenchyme (blue), con-
sisting mainly of neural crest cells, is incorporated within
the outflow tract cushion mass. It is visible, however, at
the entrance site between the arterial orifices (see also a)
and as a lateral streak (right side visible, left side not)
where the condensed mesenchyme connects to the out-

flow tract myocardium (removed, see a) At these sites, the
myocardialization of the outflow tract septum will take
place. The right lateral outflow tract cushion is connected
to the atrioventricular cushion mass, whereas the left lat-
eral cushion is not connected to this mass. (¢) By making
the outflow tract cushions translucent, the complete con-
densed mesenchyme becomes visible extending way out
into the cardiac outflow tract. (d) Insertion of the right
(green) and left (red) ventricular lumen shows how the
condensed mesenchyme and thus the outflow tract septum
mainly borders the right ventricular pulmonary infundibu-
lum. From Gittenberger-de Groot et al. [16] with
permission.
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ies and by angiogenesis produce coronary arteries
[44]. It seems that myocardial Vegf-a to endocardial
Vegfr-2 signaling controls coronary angiogenesis.
On contrary, the coronary arteries and veins come
up mostly by various origins and mechanisms [44].

Some studies prove that the origin of coronary
arteries is in epicardial cells [45]. In fact, Reese
et al. state further that “cell lineage commitment
and diversification, directed cell migration, con-
trol of epithelial/mesenchymal transition, and
cell differentiation are some of the hallmarks in
the development of coronary arteries” [45].

Also, Red Horse et al. studied based on ana-
tomical and histological analysis the coronary
vessel development during mouse embryogenesis
using endothelial markers [46]. They concluded
that developed and differentiated venous endothe-
lial cells from sinus venosus emerge into myocar-
dium where transform into arteries and capillaries
[46]. Therefore, these differentiated venous endo-
thelial cells from sinus venosus extend to develop
the coronary plexus, and coronary arteries, capil-
laries, and veins. Only minor number of the endo-
cardium cells detach to develop blood islands and
then join to the coronary plexus nearby the inter-
ventricular septum [44, 46].

e

E11.5-E125

As a result coronary vessels are generated by
complex processes such as: vasculogenesis,
angiogenesis, arteriogenesis and remodelling
specific to each arterial, venous or capillary ves-
sel [47]. The origin of angiogenesis can be initi-
ated including by proepicardium, sinus venous or
endocardium [48]. Of note, Tian et al. consider
that complete heart vasculogenesis include all
cardiac structures from the epicardium to endo-
cardium, which begins by migration of the sub-
epicardial ECs into myocardial cells of the
embryonic ventricle free walls, and finalized with
coronary veins and intramyocardial coronary
arteries/capillaries (Fig. 1.15) [48].

To sum up, Kloesel et al. synthesize coronaro-
genesis in the most simplified way [1]. Newly, his
team sustains that “the coronary vasculature is
derived from proepicardial progenitor cells and
venous endothelial angioblasts originating from
the sinus venosus”. The epithelial progenitors
undergo epithelial-to-mesenchymal transforma-
tion. After formation of the main coronary ves-
sels, the coronary system connects to aorta by
invasion of arterial endothelial cells into the
aorta. By day 50, the heart has developed to its
mature form [1].

E13.5-E15.5

Endocardium

—

Myocardium

———
Epicardium

A

Subepicardial
endothelial cells

A*--
Intramyocardial

endothelial cells

Fig. 1.15 Schematic showing subepicardial ECs as a
major source for intramyocardial coronary vessels. During
embryogenesis, subepicardial endothelial cells ECs (blue)
located beneath the epicardium (brown) migrate along the
surface of the heart between E11.5-E12.5 (blue arrow).

Subepicardial ECs then migrate into the compact myocar-
dium to become intramyocardial coronary arteries and
capillaries at E13.0-E15.5 (red arrows). From Tian et al.
[48] with permission.
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1.15.2 Aortic Arches

The origin of the aortic arches is the mesoderm of
the pharyngeal arches [2]. Further, they join with
distal part of aortic sac. Firstly, a part of aortic
branches, especially the third, fourth and sixth
remodels in the presence of CNC cells to asym-
metric great arteries. The third aortic arch devel-
opes into the common carotid arteries and the
proximal segment of the internal carotid arteries.
Further, the fourth aortic arch develops the hori-
zontal aorta. Usually, the fifth aortic arch is not
constant. However, the sixth arch develops the
arterial duct and first component of the central
pulmonary arteries [2].

1.15.3 Sinus Venous

The dorsal mesocardium joins the primitive atria
to the dorsal body wall, where the sinus venosus
and its contributory veins are blocked [16]. When
heart tube is looping, the main veins supplying
the sinus venosus (the right anterior and posterior
cardinal veins as well as the left anterior cardinal
vein) will incorporate into the posterior wall of
the right atrium [16]. Also, during this process, a
right and a left sinus venosus valve develop, in
which blood access into the atrium through a type
of channel [16]. Moreover, the left and right
venous valves join and develop the septum spu-
rium that is connected with anterior part of the
AVC [16].

1.16 Cardiac Conduction System

As cardiogenesis advances with heart remodel-
ling into a four-chambered structure, the myo-
cardium undergo a transformation as “working
myocardium” and “conduction system myocar-
dium” [16]. Gittenberger-de Groot et al. [16]
stated that the integration of the sinus venosus
into the atrium demonstrates existence of the
embryonic structures represented by three
internodal pathways among the sinoatrial node,
the atrioventricular node and the relationship of

the pulmonary venous system from the dorsal
left atrial wall with the primitive conduction
system [16].

In fact, the heart is working with the onset of
its development [1]. The primitive heart tube
starts to beat about day 21 with pumping blood
by day 24 or 25 [1], and the sinoatrial node (the
pacemaker of the heart) develops and becomes
noticeable in CS17 [7]. In mammalian embryonic
ventricles, the contraction signal begins in the
inflow part of the heart tube and spread to the
ventricles and then to the OFT from base-to-apex
[1]. It seems that advanced vertebrates form a
“compact myocardium” need to respond to
higher heart rhythm and pressure. Of note, this
compact myocardium favours developing of the
conduction system, with a specific activation
from base-to-apex in the trabecular part of the
ventricles, and with a specific activation in the
subepicardial compact myocardium from apex-
to-base, correlated to the His-Purkinje system
formation [49].

Wenink et al. studied eight human embryos
and the heart of a 90 mm human fetus selected
from the collection of the Leiden University and
released the “four ring theory” in which tries to
explain the developing of cardiac conduction
system [50]:

e The conducting rings are inserted between
sinus venosus, atrium, ventricle, bulbus and
truncus;

e The sinoatrial node develop only from the
sinoatrial ring;

e The sinoatrial ring participates to the atrioven-
tricular (AV) node formation;

* Atrioventricular ring develops AV node;

e Ventriculoventricular (primary ring) will be in
time bundle His and bundle branches [50].
Although initially controversial, this hypoth-
esis is partially confirmed by studies with
immunohistochemical markers [51].

Importantly, the mammalian ventricular con-
duction system is characterized by biphasic
growth and development, but lineage restriction
is followed by restricted outgrowth [52].
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The spongy myocardium of embryonic mam-
mals allows high ejection fractions and also
assists to conduct the ventricular depolarization
[53]. Nonetheless, increase of pressure and heart
rate cause an evolution to compact myocardium,
that further, turn into the early trabecules second-
ary to force generation, but available to differen-
tiate into fibres of poor contractility and high
propagation speeds. In addition, mammals
increase compact myocardium ventricular sep-
tum while the early trabecules form the septal
surfaces with the findings of bundle branches of
the His bundle (Fig. 1.16) [53].

Embryonic vertebrate
compact wall
epicardial

CE- ; 1, AVC—L 2., base

luminal

3., apex 3., apex
Adult ectotherm
compact wall
luminal epicardial

1, AVC--.____* 2. base

l

3., apex 3., apex
Adult endotherm
compact wall
luminal epicardial
1., AVN j 4., base
2., apex W 3., apex

Fig. 1.16 The trabecular myocardium is activated from
base to apex in all vertebrates. (a—c) The trabecular myo-
cardium gives rise to the His-Purkinje system in mammals
and birds and remains activated from base to apex. (¢) On
the epicardial surface of septated and thick-walled ventri-
cles, as in the formed hearts of mammals and birds, activa-
tion is seen to occur from apex to base and the luminal
base-to-apex activation is obscured [53]. It is an open
access article.

Conclusions

It is considered that intrauterine life begins
with cardiac contraction and heart develop-
ment is a complex process. Mechanisms of
cardiogenesis are sequential, starting from the
primary cell differentiation stages to the final
processes of cardiogenesis.

Increase in knowledge of genetics, embry-
ology, and molecular medicine offer under-
standing into the mechanisms of congenital
heart disease [1]. For physicians, clear knowl-
edge of cardiac development, including,
embryology, genetics, molecular cell biology,
and anatomy, provide a better diagnosis of
congenital heart diseases [1]. In last years,
recent results in cardiac development have
proven to improve our knowledge in prenatal
diagnosis. Nonetheless, more data are com-
pulsory looking the cardiogenesis in human
embryo for an early and accurate diagnosis of
congenital heart diseases.
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Right Heart Anatomy: A Short

Uptodate

Mircea Ifrim, Ecaterina Bontas, Daniel Cochior,

and lon C. Tintoiu

Abstract

Despite of the first description of Sir William
Harvey in 1616 looking the significance of right
ventricle function for human heart and lungs, its
importance was disregarded in clinical practice.
Starting with 1950s until the 1970s, cardiovas-
cular surgeons assessed techniques to treat
right-heart hypoplasia and as a result they
accepted the significance of right heart function.
During last decade, the impact of right heart
evaluation has been established for the treat-
ment of cardiopulmonary disorders. Knowledge
of the right heart anatomy, imaging pathology
and related clinical manifestations is essential to

prevent neglected features of cardiovascular
diseases and  false-positive  diagnoses.
Understanding image features of the human
heart acquired by histological studies, echocar-
diography, computed tomography (CT), micro-
CT studies, or diffusion tensor magnetic
resonance imaging (DT-MRI) has a very impor-
tant role in the correctness of anatomically out-
lining of the cardiac features, especially those
associated to the conduction system. Studying
classic anatomy of the heart on cadaveric sam-
plings is a requirement to know what imaging
investigations brings for the study of RV anat-
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omy and physiology. Considering that, it has to
be underlined important anatomical features of
the human right heart.
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2.1 Background

It has to be underlined that Sir William Harvey
was the first who depicted in 1616 the significance
of right ventricular (RV) function in his seminal
treatise, De Motu Cordis: “Thus the right ventri-
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cle may be said to be made for the sake of trans-
mitting blood through the lungs, not for nourishing
them” [1, 2, 3]. Starting with 1950s until the
1970s, cardiovascular surgeons assessed tech-
niques to treat right-heart hypoplasia, as a result
they accepted the significance of right heart func-
tion [1]. Cleary during last decade, the signifi-
cance of right heart evaluation has been established
for the treatment of cardiopulmonary disorders
[4]. Considering that, it has to be underlined the
important anatomical features of the human right
heart.

The anterior component or “right atrium
proper” derives from the primitive atrium [5, 7].
As widely validated, both ventricles have unre-
lated embryologic origins. Precisely, the RV
arises from progenitory cells of the secondary
heart field [8, 9]. On the other hand, the interven-
tricular septum (IVS) has same embryologic ori-
gin with the RV [5]. Also, RV and LV wall
thickness have identical raise during gestation
and both ventricles have almost similar thickness
at birth [5, 10]. As well as, both ventricles work
similar during fetal life, to maintain the pulmo-
nary and the systemic circulations. After birth,
the normal RV is unloaded [11]. Conversely, the
pulmonary vascular resistance or the afterload of
the RV diminishes gradually [11].

To sum up, these anatomical and physiologi-
cal differences between right heart and left heart
explain the various reactions to pathological
disorders.

2.2  Right Atrium

William Harvey was the first to explain the atrium
as a ‘receptable and store-house’ and ‘the first
chamber to live and the last to die’. Right atrium
(RA) is the anatomic chamber that contains the
significant components of the conduction system
of the heart being the access for difficult electro-
physiological procedures that implicate bypass
via RA and interatrial septum [12].

Shortly, RA collects deoxygenated blood from
the superior vena cavae (SVC), inferior vena
cavae (IVC) and from the coronary veins. Further,
it propels this blood through the tricuspid valve
into RV [5, 13, 14]. Also, from the anatomical

location, the RA represents the right border of the
human heart. After Cabrera et al. 2014 [15], the
RA comprises the right and anterior parts of the
heart. This partly covers the right part of the left
atrium (LA). The left part of the RA is distinct by
the interatrial groove located posteriorly between
the SVC and the right pulmonary veins. Further,
the interatrial septum (IAS) plane is oblique about
65° from the sagittal plane. Therefore, the LA is
located posterior and superior to the RA [15].

It has to be underlined, that from the antero-
medial part, the RA continues with the right auri-
cle or right atrial appendage (RAA) that is a large
triangular muscular sac (pouch or pouchlike cav-
ity) that enlarges the size of the RA (Fig. 2.1) [12].

A simplified description of the inside of the
RA comprises three components: the anterior
component, terminalis crest and the posterior
component.

The anterior component or “atrium proper” is
located anterior to terminalis crest and along with

Fig. 2.1 The heart is viewed in attitudinally appropriate
position. As can be seen, the right atrium lies anterior to
its alleged left-sided counterpart. Note the arrangement of
the sulcus terminalis and the atrioventricular or coronary
groove (blue broken line). Ao aorta, CSO coronary sinus
orifice, ICV inferior cava vein, LA left atrium, LAA left
atrial appendage, L/ left inferior pulmonary vein, LS left
superior pulmonary vein, OF oval fossa, PM pectinate
muscles, PT pulmonary trunk, RAA right atrial append-
age, RCA right coronary artery, R/ right inferior pulmo-
nary vein, RPA right pulmonary artery, RS right superior
pulmonary vein, RVOT right ventricle outflow tract, SCV
superior cava vein, 7C terminal crest, and 7V tricuspid
valve. Modified from [12]. It is an open access article
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its length run pectinate muscles [7]. The pectinate
muscles extend within the RAA that is a muscular
triangular-shaped area located on the superior part
of the RA [7]. In fact, the RAA is a triangular
superior extension of the RA that wraps around
the aortic root [16]. It extends from the SVC
almost to the IVC [17]. For patients with a pace-
maker and/or an internal cardiac defibrillator, the
right atrial lead tip is typically placed at the RAA.

The anterior and posterior components are
divided by the terminal crest (TC) or crista termi-
nalis that is a ridge/fold of muscle [7].

The posterior component of the RA is a
smooth wall located posterior to the TC. It is
known as the sinus venarum that is the embryo-
logic “right horn of the sinus venosus” [17].

Terminal Crest (TC, Crista Terminalis)

Generally, the TC is a muscular ridge that
divides the smooth and muscular compo-
nents of the RA [16]. The TC has a C-form or
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Specifically, the valve of the sinus venosus
degenerates during weeks 9—15 of gestation, with
the cranial component developing the TC and the
caudal component developing the valves of the
IVC (eustachian valve) and coronary sinus (the-
besian valve) [5, 14, 16]. To sum up, the posterior
component of RA collects in the posteriorlater-
ally part the SVC, IVC and the CS [17].

Evidence looking the RA size and volume are
incomplete [16]. Malik et al. [16] showed that the
limits of the RA long- and short-axis dimensions
are 3.4-5.3 cm (combined 95% confidence inter-
val [CI]: 3.2, 5.5 cm) and 2.6—4.4 cm (combined
95% CI: 2.4, 4.6 cm), respectively [16].

Viewing from outside, TC corresponds to the
sulcus terminalis or terminal groove that is filled

ear-shape and is composed by the joint
of the sinus venosus and the primitive RA
(Fig. 2.2a, b) [12, 18].

Fig.2.2 (a) The right atrium is shown in right anterior
oblique projection. The terminal crest (yellow broken
line) arches anterior to the orifice of the superior caval
vein and extends toward the inferior caval vein. Ao
aorta, CSO coronary sinus orifice, /CV inferior cava
vein, LA left atrium, LAA left atrial appendage, LI left
inferior pulmonary vein, LS left superior pulmonary
vein, OF oval fossa, PM pectinate muscles, PT pul-
monary trunk, RAA right atrial appendage, RCA right
coronary artery, R/ right inferior pulmonary vein, RPA

right pulmonary artery, RS right superior pulmonary
vein, RVOT right ventricle outflow tract, SCV superior
cava vein, 7C terminal crest, and 7V tricuspid valve.
Modified after Sanchez-Quintana et al. [12]. It is an
open access article. (b) Axial CT angiogram shows
a prominent terminal crest (red arrows) in the right
atrium. ICV inferior cava vein, LA left atrium, LV left
ventricle, PM pectinate muscles, RA right atrium, and
TC terminal crest. Modified after Sanchez-Quintana
et al. [12]. It is an open access article
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Fig.2.3 (a, b) Frontal sections through the terminal crest
at the origin and ending of the pectinate muscles. Note the
irregular alignment (purple arrows) of the muscular myo-
fibrils within the pectinate muscles and between them and
the circumferentially arranged myocytes in the vestibule

with fat [7, 12, 14]. Specifically, TC is noticeably
on the part of the SVC and then gradually disap-
pears toward the IVC [7].

Accordingly, the mainly myocytes from the
TC are parallel with the long axis of the muscle
bundle. Myocytes from the outside of TC, spe-
cifically from the intercaval area are lined up
obliquely. This nonuniform array of the myo-
cytes is a possible explanation for their arrhyth-
mogenicity (see Fig. 2.3a, b) [12, 19, 20].

2.2.1 Pectinate Muscles

Previous anatomical studies depicted the pecti-
nate muscles to originate or “terminate” on the
TC in the posterolateral RA [21]. However, the
pectinates frequently spread out from the TC
onto the sub-Eustachian isthmus and sometimes
they are getting within the coronary sinus
(Fig. 2.4) [21].

Séanchez-Quintana et al. [12] describe the pec-
tinate muscles as emerging from the TC toward
the vestibular portion of RA (Fig. 2.5a) [12].
Briefly, the “RA vestibule” is the smooth muscu-
lar wall close to the tricuspid orifice and sustains
the tricuspid valve leaflets. Also, the RA vesti-
bule is encircled by the pectinate muscles of the

SN BT
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(yellow arrows). ICV inferior cava vein, LA left atrium, LV
left ventricle, PM pectinate muscles, RA right atrium, and
TC terminal crest. Modified after Sanchez-Quintana et al.
[12]. It is an open access article

Fig. 2.4 Dissection of an autopsied heart showing left
anterior oblique-like view looking through the tricuspid
valve into the right atrium with an ablation catheter and
guiding sheath placed across the cavotricuspid isthmus.
Note the large pectinate muscles emanating from the crista
terminalis (CT). Many pectinates are seen encroaching
onto the cavotricuspid isthmus and traversing the isthmus
into the coronary sinus (CS). Reprinted from [21]. It is an
open access article

RA [12]. On particular relevance, the pectinates
muscle may not end up in the TC, but more or
less traverse the structure of TC and then they
end in a secondary ridge or fold that it is more
medial and posterior [22]. Also, the team of
Sanchez-Quintana et al [12] sustain that the pecti-
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Fig. 2.5 (a, b) Endocardial aspects of the lateral wall
of the right atrium opened. Note in (a) that the pectinate
muscles have a uniform parallel alignment almost with-
out crossovers between them. In contrast, the pectinate
muscles in (b) have a nonuniform arrangement with abun-

nate muscles have a very trabeculated muscle
fiber bundles that support the nonuniform conduc-
tion of the excitatory impulse (Fig. 2.5a, b) [12].

2.2.2 Cavotricuspid Isthmus or
Inferior Isthmus (CTI/CVTI)

Generally, the atrial myocardium from lower part
of RA between the tricuspid valve and IVC is
named the cavotricuspid isthmus (CVTI)
(Fig. 2.6a, b) [21, 23]. The CVTI is a muscle bun-
dle that begins from the RA anteromedial wall,
gets in front of the SVC, and goes down to the
IVC to prolong with a disposition of thinner bun-
dles that enter the region of the atrial wall recog-
nized as the inferior isthmus or cavotricuspid
isthmus [23]. It is significant for developing a
conduction delay or a reentrant circuit [23] being
the anatomic target when ablating typical atrial
flutter [21].

Of interest, the CVTI differs regarding length,
width and myocardial thickness within the same
patient and from patient to patient, and between
the septal and free wall locations [24-27].

dant interlacing trabeculations between them. CSO coro-
nary sinus orifice, PM pectinate muscles, RAA right atrial
appendage, RCA right coronary artery, 7C terminal crest,
and TV tricuspid valve. Modified after [12]. It is an open
access article

In fact, [25, 28] in studies of cadaveric hearts
they separated the CVTI into three parallel position
or levels [25, 28]. Briefly, they recognized and
determined the lengths of all three levels of the isth-
mus: paraseptal (24 + 4 mm), inferior (19 =4 mm),
and inferolateral (30 + 3 mm) [25, 28]. The parasep-
tal isthmus or septal isthmus represents the base of
Koch’s triangle (see The Conduction system of
Right Heart below) [12]. From all three isthmuses,
the septal isthmus is the smallest and the widest
having the wall varying from 2 to 7 mm on heart
specimens. Also, the septal isthmus is nearest to the
atrioventricular node, mostly to the inferior nodal
elongations [12]. Further, the inferior isthmus or
central isthmus with location 6 o’clock on LAO
projection is the best possible location for ablation
being the thinnest area between the tricuspid valve
annulus and the IVC ostium [12]. The morphology
and width of the CVTI between the anterior and
posterior zones are very different. About 20% of
patients may present a pouch-like recess known has
the sub-Eustachian (sub-Thebesian) sinus or a
recess in the inferior isthmus (Fig. 2.7a, b) [12].

Furthermore, there is a 40% deviation in CVTI
length during a single cardiac cycle. Recently,
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Fig. 2.6 (a) The region of the cavotricuspid isthmus in
simulated right anterior oblique (RAO) view and the para-
septal, inferior, and inferolateral isthmuses are marked
1, 2, and 3, respectively. (b) This atrial view shows the
cavotricuspid isthmus with transillumination. The lines
mark (1) the paraseptal isthmus, (2) the inferior isthmus,
and (3) the inferolateral isthmus. Note the smooth vesti-

Vestibue

bule immediately proximal to the tricuspid valve and the
pectinate muscles in the posterior regions. Ao aorta, CSO
coronary sinus orifice, EV Eustachian valve, ICV inferior
cava vein, OF oval fossa, RAA right atrial appendage,
RVOT right ventricle outflow tract, SCV superior cava
vein, TC terminal crest, and 7TV tricuspid valve. Modified
after [12]. It is an open access article

b Inferior isthmus

Fig. 2.7 (a, b) This series of histological sections through
inferolateral (A) and inferior (B) isthmuses from a heart with
dominance of right coronary artery. Note in (A) the promi-
nent and fibromuscular Eustachian valve in the posterior
sector or P, thin myocardium in middle sector or M, and
thicker myocardium in the anterior sector (vestibule) or A. In
(B), histologic section shows a pouch of the sub-Eustachian
recess. Note the lesser transmural thickness in this area.

Vestibule

RCA

10 mm

The right coronary artery is in the epicardial fat related to
the smooth vestibule. Ao aorta, CSO coronary sinus orifice,
EV Eustachian valve, ER Eustachian ridge, /CV inferior cava
vein, MCV minor coronary vein, OF oval fossa, PT pulmo-
nary trunk, RAA right atrial appendage, RCA right coronary
artery, RVOT right ventricle outflow tract, SCV superior cava
vein, 7C terminal crest, and 7V tricuspid valve. Modified
from [12]. It is an open access article
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Fig.2.8 A more realistic view from an actual autopsied
heart. The complex regional anatomy of the cavotri-
cuspid isthmus. The arrow points to the sub-Eustachian
pouch. Note the prominent Thebesian valve guarding
the opening of the coronary sinus (CS). A prominent
Eustachian ridge (ER) and valve associated with the
Eustachian ridge are also visualized. From [21]. It is an
open access article

Sanchez-Quintana et al [12] confirmed in 32% of
patients using anatomical images studies with CT
scan acquired for the period of cardiac cycle that
CVTI has the highest length elongation during
midventricular systole at all three equivalent lev-
els [12, 29] while the inferior/central isthmus
length is over 30 mm [12].

To sum up, the complex anatomical structure
of the CVTI from various patients generates sub-
stantial problems in case of complete and perma-
nent ablation. The Eustachian ridge (ER),
sub-Eustachian pouches, proeminent pectinate
muscles, and arrangement of these anatomic
deviations, on the whole produce complications
(Fig. 2.8) [21].

2.2.3 The Eustachian Valve or Ridge

The Eustachian valve (EV) or the Eustachain
ridge (ER) protects the ostium of the IVC [12].
The EV primarily serves to direct blood toward
the fossa ovalis in fetal life [5, 6]. Usually, EV is
described as a crescentic, thin and unimportant
flap [12]. The free edge of the EV carries on as
the tendon of Todaro that continues in the mus-

cles of the EV [12]. About 2% of the population
presents a “fishnet” EV with different sizes
acknowledged as Chiari network [14, 30].

Infrequently, the flap of EV is bulky blocking
the entrance to the most posterior component of
the isthmus. Therefore, only the whole ablation
of oversized EV or ER makes possible the
paraseptal isthmus block [31]. Previously, the
study of Cabrera et al [28] on cadaveric hearts
showed that 26% from hearts had an increased
ER with a mean thickness of 3.2 + 0.8 mm [28].
Also, Heidbuchel H et al [32] showed by an angi-
ographic study increased EV in 24% of patients
Heidbuchel H et al [32]. A thicker ER over 4 mm
is seen in 24% of the normal population studied
with CT scans [29].

Sub-Eustachian Ridge

On the other hand, Sehar N et al [21] con-
sider that EV and ER are two anatomical
different structures. His team uses next
statement that “the ER along with the
Eustachian valve helps in fetal life to direct
oxygenated blood from the IVC through
the foramen ovale to the left atrium”.
Furthermore, the ER divides the CVTI into
an anterior sub-Eustachian isthmus and a
posterior post-Eustachian isthmus [21].
Usually, the sub-Eustachian isthmus is
composed from circumferentially atrial
myocardial fibers from the base of the ER
to the tricuspid valve [21]. Also, the ER
differs regarding its protrusion and it is
very well expanded as it has been observed
in several adult hearts. In ER, the ratio of
myocardium to fibrous tissue differs too, as
a result the conduction properties of this
ridge are also irregular [21]. Also, it should
be emphasized, that the most part of hearts
have myocardium in the ER, and thus, the
ablation technique applied between the tri-
cuspid valve and the ER is not generally
effective [21, 33-35].
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Sub-Eustachian Pouches

In all patients, the sub-Eustachian component
or region of the CVTI is located quite inferior
to the ER [21]. However, several patients may
present an “excavation of myocardium” caus-
ing “an aneurysmal—type dilation” in the
sub-Eustachian region named sub-Eustachain
pouch (see Fig. 2.8) [21, 27, 31, 33, 36-38]. If
these sub-Eustachain pouches develop, they
are located closer to the CS ostium than the

M. Ifrim et al.

free wall of the RA, and they differ consider-
ably in the depth as well as the anteroposterior
dimension [22, 25, 33]. Of note, it could be an
developmental correlation between the protru-
sion of Eustachian pouches and the prominent
of Thebesian valve that protects the ostium of
the coronary sinus. Thus, it is unusual to find
a large sub-Eustachian pouch without signifi-
cant evidence of the Thebesian valve
(Figs. 2.9a— and 2.10) [12].

Fig. 2.9 (a—c) These hearts show variations in mor-
phology of the Thebesian valve guarding the coro-
nary sinus orifice, the sub-Eustachian pouch, and
Eustachian ridge. Ao aorta, CSO coronary sinus ori-
fice, EV Eustachian valve, ER Eustachian ridge, ICV
inferior cava vein, MCV minor coronary vein, OF oval

fossa, PT pulmonary trunk, RAA right atrial append-
age, RCA right coronary artery, RVOT right ventricle
outflow tract, SCV superior cava vein, 7C terminal
crest, and 7'V tricuspid valve. Modified from [12]. It is
an open access article
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Fig.2.10 Coronal CT shows a sub-Eustachian
pouch (yellow arrow) in the median aspect of the
right inferior cavoatrial junction. /CV inferior
cava vein, LA left atrium, LV left ventricle, PM
pectinate muscles, RA right atrium, and 7C
terminal crest. Modified from [12]. It is an open
access article

The Sub-Eustachian Sinus (Sinus of Keith,
Sub-Thebesian Recess)

Attitudinally appropriate nomenclature for
this anatomic variant is sub-Thebesian
recess [39, 40]. The sub-Eustachian recess
is an expansion of a pouch-like isthmus
below the ostium of the coronary sinus [12].

The occurrence of a wide sub-Thebesian
recess or deep pouches is correlated mainly with
RF applications in comparison with undeviating
right level of isthmus [27]. This undeviating
isthmus can alter local radiofrequency delivery
because a limited area from blood flow results in
delayed catheter tip cooling. Heidbuchel et al
[32] showed in one angiographic study of the
CVTI, that pouch was present in 47% of patients
with a mean depth of 4.3 £ 2.1 mm (1.5-9.4)
[32]. Later, another study of [29] using CT scans
in normal population have identified both thick
recess associated with a pouch-like over 5 mm
in 45% of patients on central isthmus in 45% of
mid-diastolic phase images [29]. To sum up,
this observation can be valuable in preproce-
dural techniques when the existence of a wide
pouch would determine a “central approach to
the ablation” [12].
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2.3

The Interatrial Septum

The interatrial septum (atrial septum) splits the
atrial chambers from one another [12] represent-
ing the posteromedial wall of the RA. The anat-
omy of the atrial septum is not simple one [41].
Shortly, the interatrial septum is a solid muscular
wall with a small central oval-shaped depression
called the fossa ovalis (FO) (Fig. 2.11a, b) [41].
Spatial orientation of the anatomic compo-
nents of the interatrial septum is best shown by
CT angiography [29, 42, 43]. The interatrial sep-
tum has an interatrial component and an atrio-
ventricular component. In fact, the interatrial
septum originates from the embryologic septum
primum and septum secundum [13]. Anderson et
al [44] define the true interatrial septum as the
region confined to the area that is marked by the
valve of the FO or “the embryonic septum pri-
mum” and the anterior structure of the atrial sep-
tum that is the true “secondary septum” [44].
The fossa ovalis (FO) is the rest of the foramen
ovale in the foetal heart that let right to left shunt-
ing of blood to bypass the lungs. After birth, this
embryonic shunt is removed when the valve of the
fossa closes against the muscular rim—an infold-
ing of the atrial wall. The superior and posterior
parts of the rim are the infolding between the SVC
and the right pulmonary veins (Fig. 2.12a, b) [12].
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Fig.2.11 (a, b) Anatomy of the normal atrial septum. (a)
Opened right atrium showing the entrance of the superior
vena cava (SVC), inferior vena cava (IVC), and coronary
sinus (CS). The fossa ovalis (FO) forms the central part of
the atrial septum and is bounded superiorly and rightward
by septum secundum (SS). Septum primum is the thin
floor of the fossa. The muscular base of the atrial septum
(o) is between the fossa and the coronary sinus. The AV
canal septum (“asterisk”™) is adjacent to the tricuspid valve
(TV). (b) On the left atrial side, septum primum (SP)

Fig. 2.12 (a, b) Longitudinal sections through the
venous component of the right atrium showing by transil-
lumination in (A) the flap valve of the oval fossa and the
muscular rim that surrounds it on the right atrial aspect. In
this heart there is probe patency of the oval fossa, leaving
a gap in its anterosuperior aspect. The gap can allow a
catheter to be slipped between the rim and the valve (A) to

forms a hammock—shaped structure and has insertions
(white arrows) on septum secundum (SS). LAA left atrial
appendage, MV mitral valve. From [41]. This is an open-
access article distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, pro-
vided the original author and source are credited. https://
www.omicsonline.org/congenital-heart-defects-in-
adults-a-field-guide-for-cardiologists-2155-9880.S8-007.
php?aid=6799

Vestibule

MV

enter the left atrium (B). Note in (B) by transillumination
the location of the oval fossa in the left side of the sep-
tum. CSO coronary sinus orifice, /CV inferior cava vein,
LAA left atrial appendage, OF oval fossa, RI right inferior
pulmonary vein, RS right superior pulmonary vein, SCV
superior cava vein, 7C terminal crest, and 7V tricuspid
valve. Modified from [12]. It is an open access article
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The depression of FO is encircled by a muscu-
lar ridge known as the limbus fossae ovalis [13].
Also, the FO is located anterior and superior to
the both orifices of the IVC and the CS [13].
Further, [5, 41] showed that the FO is bordered
superiorly and rightward by septum secundum or
superior limbic band [5, 41].

Between the FO and the coronary sinus there is
the inferior muscular bottom of the atrial septum
that has the tendon of Todaro and carry on with the
EV. The tendono of Todaro has an obliquely course
inside the ER and splits the FO from the coronary
sinus to inferior part. It is important to underline
the role of the tendon of Todaro that unifies the
valve of the IVC to the middle fibrous component
of the cardiac skeleton [13]. Furthermore, it looks
like a fibrous expansion from the membranous
part of the interventricular septum [13].
Importantly, it has a structural role to sustain the
IVC and is of use to locate the AV node [13].

This FO is enclosed by a fine septum primum
that is more obvious from the left atrial part where
the fixation to septum secundum and overlap of
both structures are evidently observed [5, 41].
Therefore, the left atrial appearance of the atrial
septum has no “crater-like” aspect of the right
side because here the fossa valve covers the fossa
rim [12, 14]. The component between the FO and
the atrioventricular valves has a muscular struc-
ture named atrioventricular canal septum [5, 45].

Initially, [46] described patent foramen ovale
(patent fossa ovalis) in 10-15% of patients [46].
The team of [12] showed that about one-third of
the normal population has patent foramen ovale
[12]. Same team of [12] explains that this
incomplete adhesion of the valve to the rim, it
may be useful. It appears a space frequently in
the anterosuperior margin and having a C-shaped
mark in the left atrial side. This space can permit
the access of a catheter to the LA [12]. Patent
foramen ovales has been associated with a right-
to-left shunt, paradoxical emboli, cryptogenic
stroke, hypoxemia in patients with obstructive
sleep apnea, increased risk for decompression
sickness among scuba divers, and increased risk
for atrial fibrillation after cardiac surgery [46].

There are two major anatomic aspects of the
interatrial septum: the lipomatous hypertrophy of
the interatrial septum and the large interatrial sep-

tal aneurysm [12]. Lipomatous hypertrophy of the
interatrial septum is collection of fat in the inter-
atrial groove [42]. The large interatrial septal
aneurysm is characterized by a FO with slimmer
and elongated valve [12]. Both anatomical variants
can be shown precisely by three-dimensional
transesophageal echocardiography and CT-derived
imaging [29, 42, 43].

Moreover, enlargement of the atrial chambers
with raised age or body mass, severe kyphosco-
liosis, severe left ventricular hypertrophy or a
distended aorta influence the septal plane direc-
tion with dislocation of the FO [12, 47].

24  RightVentricle

The right ventricle (RV) collects deoxygenated
blood from the RA, and propels it through the
pulmonary orifice into the pulmonary artery [14].
On the general whole, the RV is formed by free
(anterior and posterior) walls and IVS [48]. In the
chest, the RV has an anterior position and is situ-
ated just behind the sternum. Also, RV delimitate
the inferior margin of the cardiac profile [14, 49].

Anatomically the RV has a complex shape
(see Fig. 2.13) [50]. With a quite thin free wall, it
has triangular profile observed from a side and
crescentic (pyramidal) profile when regarded in
cross-section [49]. If heart is observed from the
apex, the right edge of the RV is sharp [49]. When
heart is observed from the diaphragmatic part,
the right ventricle (RV) and left ventricle (LV) lie
side by side [14].

Shortly, RV has an odd geometry with a
crescent-shaped RV that wraps around conical
LV (Fig. 2.14) [14, 48, 51].

RV has three distinct regions with different
embryological origins and electrophysiological
properties that comprise (Figs. 2.15 and 2.16)
[12, 48, 49, 52]:

(1) the inlet/inflow component,
(2) the apical trabecular component,
(3) the outlet/outflow tract component.

The inlet and trabecular components have a
common embryological origin. The inflow
component is heavily trabeculated by coarse
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Fig.2.13 Cross-sectional view of both ventricles demon-
strating the crescent shape of the right ventricle and coni-
cal form of the left ventricle. The obliquity of the septal
muscle structure and its spiral arrangement is clear. Note
the thickened septum, and the wrap around basal loop.
From [50] with permission

basal bulge length

%

tricuspid
annulus

Fig.2.14 RV shape analysis. Both the total length of the
right ventricle (not illustrated) and the basal bulge length
were computed parallel to the left ventricular (LV) long
axis. Modified from [51] with permission

trabeculae carneae, the outflow component is
named infundibulum and contains only a few tra-
beculae, and the subpulmonic area has a smooth
surface [7, 48].

It has to be mentioned that the “tripartite con-
cept in the evaluation of congenitally malformed

Fig. 2.15 This is a right lateral view showing the three
components of the right ventricle and the characteristic
muscle bundles as septomarginal trabeculation and supra-
ventricular crest or ventriculoinfundibular fold. Ao aorta,
APM anterior papillary muscle, AV aortic valve, CSO cor-
onary sinus ostium, /CV inferior cava vein, LAA left atrial
appendage, LV left ventricle, LVOT Left ventricle outflow
tract, OF oval fossa, PT pulmonary trunk, RAA right atrial
appendage, RV right ventricle, RVOT right ventricle out-
flow tract, SC supraventricular crest, SCV superior cava
vein, SMT septomarginal trabeculation, and 7V tricuspid
valve. Modified from [12]. It is an open access article

Fig.2.16 Longitudinal section through the roof of the left
atrium showing the endocardial view of the left atrium and
right ventricle. LAA left atrial appendage, PT pulmonary
trunk, Ao aorta, MV mitral valve, RV right ventricle, CS cor-
onary sinus, L/ left inferior pulmonary vein, LS left supe-
rior pulmonary vein, LLR left lateral ridge, R/ right inferior
pulmonary vein, RS right superior pulmonary vein, OVM
oblique vein of Marshall, and LCPV left common pulmo-
nary vein. Modified from [12]. It is an open access article
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hearts is more constructive than the traditional
division of the RV into sinus and conus compo-
nents”’[49]. It seems that the heart with malfor-
mations, one or more of the three components
can be absent in one ventricle [5, 49].

skeleton. TV annulus is located on the base
of RA connected to the membranous region
of the septum [13]. TV has the largest
annulus in the heart [49, 53], feature that
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The Muscular Inlet/Inflow Component

The posteroinferior component of RV
extends from the atrioventricular junction
represented by the TV annulus into the
insertions of the papillary muscles to the
ventricular walls. In other words, it is the
area comprising the tricuspid valve (TV)
(see Fig. 2.17) [12, 49].

Fig.2.17 The right side of the heart is opened to
show the hinge of the tricuspid valve and the loca-
tion of the right papillary muscles and leaflets of the
tricuspid valve. Ao aorta, APM anterior papillary
muscle, CSO coronary sinus ostium, /PM inferior
papillary muscle, OF oval fossa, RVOT right ven-
tricle outflow tract, SC supraventricular crest, SCV
superior cava vein, SMT septomarginal trabecula-
tion, and SPM septal papillary muscle. Modified
from [12]. It is an open access article

Tricuspid Valve (TV)

Same to the atrioventricular valve, the tri-
cuspid valve system comprises an annulus,
leafiets, papillary muscles, and the chordae
tendinae [13, 14]. The TV oriffice is tough-
ened by its annulus fibrosus of the cardiac

predisposes TV to be fragile to structural
changes caused by a persistent increase of
pressure or volume load [49]. The antero-
superior component of the TV annulus
divides the membranous septum into atrio-
ventricular and interventricular compo-
nents. Commonly, there is a breach within
the leaflet located at the site of the membra-
nous septum.

The three leaflets of TV are the anterior (supe-
rior, infundibular, anterosuperior), posterior
(inferior, mural, marginal), and medial (septal)
(see Fig. 2.17) [12, 14]. All leaflets are triangular
form with different sizes. The septal leaflet is the
smallest leaflet with the numerous tendinous
cords that have the role to connect septal leaflet
right away to the ventricular septum. It begins
from the TV annulus and gets on medial part of
the IVS. The commisure between the septal and
anterior leaflets is sustained by a medial small
papillary muscle. Importantly, the septal leaflet is
more apical than the anterior mitral leaflet.
Further, the anterior leaflet is the largest and
spreads from the medial part of the IVS to the
anterior free wall. In fact, it attaches to the right
atrioventricular junction. The anterior leaflet is
sustained in its central area by a bulky papillary
muscle that as a rule comes up from the modera-
tor band with insertion to the parietal wall. The
inferior leaflet is sustained by a number of small
papillary muscles that come up from the dia-
phragmatic wall of the RV. It spreads from the
lateral free wall to the posterior part of the IVS. It
has a mural attachment. The findings of TV such
as varying number and disposition of papillary
muscles also make a distinction between the TV
from the mitral valve that has two groups of pap-
illary muscles with organized grouping [49]. The
TV leaflets have a smooth atrial side while the
irregular ventricular side offers insertion for the
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chordae. Mainly in children, the atrial side of
leaflets can have small nodules on the edges,
known as the noduli albini [17].

TV has three types of chordae tendinae or ten-
dinous cords with the role to insert TV and to pre-
vent its prolapse during systole into the RA [17].
Netter [17] classifies these tendinous cords in
primary, secondary and tertiary types. The pri-
mary type of chordae attaches the free edge of the
leaflets to the papillary muscle by some fine
strands. The secondary type of chordae attaches
the ventricular component of each leaflet to the
papillary muscle. These tendinous cords have
reduced number but strongest attachment. In
same way, the third type of cords attaches each
leaflet to the ventricular myocardium. Typically,
septal leaflet has multiple cords insertions to the
IVS [17]. In fact, the septal leaflet with its cords
or medial papillary muscle attaching directly to
the IVS is a feature of the RV [12].

The commissures of TV attach the leaflets
being classified as anteroseptal, anteroposterior
and posteroseptal. These commisures assure only
incomplete separation of the leaflets, therefore
they don’t stretch the annulus of TV [17].

The number of papillary muscles that link the
leaflets to the walls via the cords are variable.
Each papillary muscle gives cords for two adja-
cent leaflets. The anterior papillary muscle is the
largest, while septal papillary muscle is the small-
est. Also, the septal papillary muscle is located
where the crista supraventricularis meets the sep-
tal band, supplying attachment to the cords to the
posterior and septal leaflet of the TV [54].

The Trabecular Component

It extends from the papillary muscles of TV
to the heart apex [14]. According to [55],
the trabecular component of RV contains
the static apex (with heavy and coarse tra-
beculations), two thick intracavitary mus-
cle bands, the crista supraventricularis, and
the moderator band [55, 56]. Moderator
band is connected to the right ventricular
outflow tract (RVOT) and it is extending
from the IVS to the anterior RV wall
(Fig. 2.18) [12, 55].

M. Ifrim et al.

Fig. 2.18 The right ventricle is opened from the
front to show the septal papillary muscle, modera-
tor band, and septoparietal trabeculations. Ao aorta,
APM anterior papillary muscle, CSO coronary
sinus ostium, /PM inferior papillary muscle, OF
oval fossa, RVOT right ventricle outflow tract, SC
supraventricular crest, SCV superior cava vein, SMT
septomarginal trabeculation, and SPM septal papil-
lary muscle. Modified from [12]. It is an open access
article

In fact, the moderator band is a link between
the septomarginal trabeculation (SMT) or septal
band to the anterior papillary muscle (see
Fig. 2.18). Further, the SMT is a Y-shaped mus-
cular band that attaches to the septal side.
Between the extremities of SMT the heart wall
infolds and forms the supraventricular crest that
divides the inflow and outflow components of the
RV and supports the pulmonary valve (PV) [57].
From the anterior edge of the SMT start the sep-
toparietal trabeculations (between five and 22
trabeculations) that go round the free wall parts
of the subpulmonary infundibulum [58, 59].

The outlet component (the infundibulum,
conus, the RVOT) is a smooth funnel-shaped
myocardial outflow tract called infundibulum
[49]. Briefly, the RVOT is located leftward and
anterior to the left ventricular outflow tract
(LVOT) (Fig. 2.19) [60] and the left main coro-
nary artery is closer to the posterior RVOT [12].
This region is particularly important in patients
with congenital heart disease [61] and
arrhythmias.

The RVOT contains subpulmonary infundibu-
lum and the pulmonary valve [62, 63]. Esentially,
the myocardium of the posterior RVOT has
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Tricuspid Valve

Fig. 2.19 Anatomy of the outflow tract. CT scan 3D
reconstruction showing the ventricles, outflow tract and
the aorta and pulmonary artery. On the left panel, RAO
view, and on the right panel, LAO. The pulmonary artery
and the RVOT lie anterior to the LVOT and the aorta. The
RV is located to the right, but when it advances into the
RVOT and pulmonary artery, they are located on the left-
ward to the LV, LVOT and aorta. In the opposite, the LVOT
and aorta are located rightward to the middle axis of the

continuity with the LVOT and with the closest
anterior IVS [12]. The most inferior part of pos-
terior RVOT myocardium is closest to the aortic
leaflets (right coronary leaflet and part of the left
coronary leaflet). Further, the myocardium is
rather thin in the anterior, rightward and subpul-
monary valve components of the RVOT, while
the posterior infundibular component is adherent
to the anterior LVOT as a result the cranial IVS is
the thickest. RVOT has a leftward route from
proximal-to-distal, as a result the most rightward
component of the RVOT is the bundle of His
region, and the most leftward component of
RVOT is the supravalvar myocardium above the
anterior leaflet of the PV [12].

The subpulmonary infundibulum extends
from the crista supraventricularis to the pulmo-
nary valve (PV) and is typically without muscu-
lar  trabeculations. Conversely, bordering
subpulmonary infundibulum can exhibit trabecu-
lations from the IVS to the parietal wall. These

heart. There is an intimate relationship between the right
coronary cusp and the septal aspect of the RVOT. The left
main and coronary sinus (not shown in this model) locate
to the left of the RVOT and LVOT and anterior to the LV.
CT computerized tomography; RAO right anterior oblique,
LAO left anterior oblique, RVOT right ventricular outflow
tract, LVOT left ventricular outflow tract, RV right ven-
tricle, LV left ventricle, NCC right coronary cusp, NCC
non-coronary cusp. From [60]. It is an open access article

septoparietal trabeculations can have flat surface,
enfolding the parietal wall. Also, they can be
hypertrophied with muscular subpulmonary ste-
nosis as in tetralogy of Fallot [49].

The PV is a semilunar valve separated from
the TV by the ventriculo-infundibular fold that
develops the supraventricular crest described
above. The PV has no identified annulus to sus-
tain the valve (Figs. 2.20 and 2.21) [12]. The PV
looks like the configuration of the aortic valve
with the three symmetric, semilunar leaflets or
cusps. The cusps are connected to the right ven-
tricular infundibulum and the pulmonary trunk
[17]. The leaflets of PV are smooth and thin with
a small fibrous nodule (nodulus Arantii) at the
center of the free edge [17].

Assessing the both semilunar valves, the level of
the PV is superior and almost horizontal, while the
level of the aortic valve is inferior with an angle of at
least 45° from the median plane. Sanchez-Quintana
[12] suggests that the differentiation in levels of arte-
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Fig.2.20 Cross-histological section stained with Masson's
trichrome through the left and the right atria. Note the ana-
tomic relation of the right ventricular outflow tract with
the subaortic outflow. Note that while all of the leaflets of
the pulmonary valve are supported by infundibular mus-
culature, only two of the leaflets of the aortic valve have
muscular support. Pulmonary sinuses are named according
to their relationship to the heart (nonattitudinal), including
anterior (A), left posterior (LP), and right posterior (RP)
pulmonary sinus. CS coronary sinus, P7 pulmonary trunk,
RVOT right ventricle outflow tract, and 7'V tricuspid valve.
Modified from [12]. It is an open access article

‘Pulmonary valve
)

Fig. 2.21 Endocardial view of right ventricular outflow
tract (RVOT) is shown (d). Note that endocardial infun-
dibular sleeve consists of septoparietal trabeculations
(“asterisk”) arising from septomarginal trabeculation
(SMT). Note crossing architecture pattern of myocardial
strands between septomarginal trabeculation with septo-
parietal trabeculations and supraventricular crest below
pulmonary valve. L the left aortic sinus, LCA left coronary
artery, M myocyte, MV mitral valve, N noncoronary aor-
tic sinus, LP left posterior pulmonary sinus, PF Purkinje
fiber, PT pulmonary trunk, R right aortic sinus, RA right
atrium, RCA right coronary artery, RP right posterior
pulmonary sinus, RVOT right ventricle outflow tract, SC
supraventricular crest, SCV superior cava vein, SMT sep-
tomarginal trabeculation, and SPM septal papillary mus-
cle. Modified from [12]. It is an open access article

rial semilunar valves can be amplified by the length
of infundibulum.

Finally, the pulmonary trunk divides into right
and left pulmonary arteries. The ligamentum
arteriosus that is a residue of the fetal ductus
arteriosus joins this division of the pulmonary
artery to the inferior plane of the aortic arch [14].

2.5 Interventricular Septal

Morphology

The IVS is muscular excluding a very small
fibrous part that is the membranous septum. In the
normal heart, the curve of the IVS describes the
RV as wrapping the LV [14]. The partly covering
between left ventricular inlets and outlet locates
the LVOT directly at the back of the IVS. As a
result, IVS splits LVOT from the RV inlet causing
the “wedged” location of the aortic root [14, 49].

The septal side of the RV is a typical muscle
band named the septomarginal trabeculation
(SMT) as already described above. Ho and
Nyhoyannopoulus [49] describe it as a band with
Y-shape that holds the ventriculo-infundibular
fold between its arms [49]. In the posterior-infe-
riorly arm inserts the medial papillary muscle.
The antero-cranial arm merges into the subpul-
monary infundibulum. Frequently, the body of
SMT is adherent to the septum. If it is hypertro-
phied, the SMT can separate the RV cavity into
two chambers. Another morphologically feature
of the RV is the moderator band that comes up
from the body of the Y (SMT) to get to the pari-
etal wall together with a fascicle of the right bun-
dle branch (RBB) of the atrioventricular
conduction system [49]. Importantly, the inser-
tion of the medial papillary muscle is the land-
mark for the most superior part of the right bundle
branch (RBB). From there, it descends like a cord
in the subendocardium of the SMT [49].

2.6 The Conduction System

of Right Heart

The conduction system is also closely associated
with the RA. Close to the entry of the SVC is the
sinoatrial (SA) node, the cardiac pacemaker that
produces 60-100 beats per minute (bpm).
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Fig.2.22 (a) Frontal view of the heart in a cadaver that
has been dissected to show the course of the phrenic
nerves relative to the atria and left ventricle. The antici-
pated location of the sinus node outlined with dots on yel-
low background. The double-headed arrow represents the
sectioning plane used for making the sections through the
sinus node and the terminal crest shown in the histological
sections. (b, ¢) Histological sections with picrosirius red
stain and polarized light showing variations in locations
of the sinus node relative to the epicardial and endocardial
surfaces and sizes of the terminal crest. Note nodal exten-

Further, the impulse distributes by the interatrial
and internodal conduction pathways to get to the
atrioventricular (AV) node, the bundle of His that
divides into left and right branches. Each bundle
branch ends in a network of fibers named the
Purkinje fibers with ventricular contraction. In
normal human heart, the dominant pacemaker is
the SA node. The AV node and the Purkinje cells
have a normal physiologic rate from 25 to 55 bpm
[64]. The parasympathetic system dominates at
rest and slows the sinoatrial rate.

The SA node is located on the roof of the RA
at the junction of the RAA, the SVC, and the sul-
cus terminalis (Fig. 2.22) [12, 65]. It has been pre-
viously described as being located 1 mm under
the epicardium, with the length of 10-20 mm and
large of 5 mm. It contains the P cells capable of
spontaneous depolarization with the formation of

sions (arrows) to superior caval vein, terminal crest, and
epicardium. (d) With Masson’s trichrome stain is recog-
nizable a nodal extension to terminal crest by its fibrous
matrix (green). (e) Histological section of the nodal body
(Masson's trichrome stain). Note the contour of the node
towards the neighboring myocardium (“asterisks”). Ao
aorta, LPN left phrenic nerve, and LV left ventricle, PT
pulmonary trunk, RAA right atrial appendage, RPN right
phrenic nerve, RV right ventricle, SCV superior cava vein,
TC terminal crest, and 7V tricuspid valve. Modified from
[12]. It is an open access article

the normal cardiac rhythm [65]. Essentially, the
SA node is mainly adjusted by sympathetic and
parasympathetic efferent innervation.

Interatrial Conduction

From SA node, depolarization spread over
both atria. There are disagreements looking
the mechanism of impulse conduction through
the both atria [65, 66]. Conversely, there are
three anatomic conduction pathways from the
SA node or from its proximity.

The internodal bundles comprise the anterior
internodal bundle that originates from the anterior
SA node, coursing the roof of the right IAS and
divides into the Bachman’s bundle connected to the
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LA and a second bundle going downward to the AV
node, with the length of the anterior region of the
IAS. The middle internodal bundle or Wenckebach’s
bundle routes anteriorly to the FO within the IAS to
get to the AV node. Usually, it is infrequent and
undeveloped. The third internodal bundle is named
posterior internodal bundle (Thorel’s bundle), that
routes along the length of the TC via the EV, poste-
riorly to the coronary sinus [65].

The AV node (node of Tawara) and His bun-
dle. The AV node is situated on the floor of the
RA inside the triangle of Koch [12, 49]. To
approximate the location of the AV node (see
Figs. 2.23 and 2.24) [12], it is necessary to iden-
tify the triangle of Koch with its base via the
coronary sinus; and the sides are the septal leaf-
lets of the TV and the tendon of Todaro [13].

Therefore, from the components of AV node
(transitional zone and compact node) emerges
AV bundle and prolongs with the penetrating dis-
tal AV bundle (His bundle) [66]. The bundle of
His is located within the membranous atrioven-
tricular septum and it can be recognized in the
central fibrous body. In fact, it represents an ana-
tomically and histologically switch between the

Moderator
h;md

Fig. 2.23 Window dissection of the right heart to show
the AV node and right bundle branch crossing the central
fibrous body (“asterisk™). Ao aorta, APM anterior papil-
lary muscle, CSO coronary sinus ostium, /PM inferior
papillary muscle, OF oval fossa, RVOT right ventricle out-
flow tract, SC supraventricular crest, SCV superior cava
vein, SMT septomarginal trabeculation, and SPM septal
papillary muscle. Modified from [12]. It is an open access
article

AV node and the bundle branches (see above
Figs. 2.24c—e and 2.25) [39, 40, 68-70].

The right bundle branch (RBB) of His
emerges from the membranous septum to
descend subendocardially on the SMT and the
moderator band, which carries within it a major
fascicle of the RBB [71]. The RBB continues
inferiorly as a continuation of the bundle of His
in the subendocardic portion of the IVS
(Fig. 2.26) [7, 12, 65].

The Purkinje fibers represent the system of
conduction fibers emerging from both left and the
right bundle branches. It has a rapid conduction.
These conduction fibers of Purkinje fibers spread
inside the myocardium and the trabeculation of
the RV and LV. Specifically, moderator band is
the most frequent conduction pathway that com-
prises Purkinje fibers from the RBB [7].

Future Directions

Recently, [72] wusing micro-computed
tomography (micro-CT) described the first
3D representation of the cardiac conduc-
tion system on ex-vivo intact human hearts.

It seems that the SA node has a complex 3D
shape with multiple emerging extensions
(Fig. 2.27) [72]. The SA node gets thinner at the
superior cavoatrial junction, and narrows cau-
dally as it continues to the IVC (Fig. 2.27) [72].

Using automatic segmentation, the team of
Stephenson [72] had rebuilt the finest elements of
SA node (Fig. 2.28). The major body of the SA
node has a length = 14.8 mm and width =4.3 mm.
It is located within the intercaval area, however
isles and extensions from SA nodal tissue were
also observed within the terminal crest, continu-
ing on the way to the epicardial terminal groove,
the pectinate muscles, and to the TAS [72].

Accordingly, the study of Stephenson et al
[72] confirmed the atrioventricular conduction
axis histological data published initially by [73].
Their 3D study validated that the conduction
axis stems from the triangle of Koch. Also, the
longitudinal micro-CT tomograms confirm his-
tological studies of [73-75] (Fig. 2.29).
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e Penetrating
bundle of His

Fig.2.24 (a) Dissection in right anterior oblique view of
the right atrium shows the borders of the triangle of Koch.
In this view we have depicted the putative fast and slow
pathways toward the AV node (dotted shape in yellow).
(b) Example of small triangle of Koch with a bigger coro-
nary sinus ostium size. (c—e) A series of histological sec-
tions in comparable orientation to the picture (a) are taken
through the coronary sinus ostium and inferior extensions

AV node

of the AV node, the body of the AV node, and the penetrat-
ing bundle of His. Asterisk («) central fibrous body, AVN
artery atrioventricular nodal artery, CSO coronary sinus
ostium, CFB central fibrous body, ER Eustachian ridge,
ICV inferior cava vein, MV mitral valve, OF oval fossa,
PFO patent foramen ovale, STV septal leaflet of the tricus-
pid valve, and 77T tendon of Todaro. Modified from [12]. It
is an open access article
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V (His)

Bundle

Fig.2.25 Gross specimen illustrating the location of the
penetrating His bundle at the atrioventricular portion of
the membranous septum. RA right atrium, RV right ventri-
cle, Ao Aorta, AV atrioventricular, LV left ventricle. From
[67], with permission

Same study of Stephenson et al [72] showed
that the bundle branches “as fine low attenuating
ribbon-like structures” going down on the endo-
cardial surface of the IVS. The RBB mainly was
predominantly outlined in the long-axis micro-
CT sections (Fig. 2.30). Distally, RBB continues
with the Purkinje network. On the other hand,

Fig. 2.26 Histological section of the septal papillary
muscle (double-headed black broken line). Note the close
relationship with right bundle branch of His. Ao aorta,
APM anterior papillary muscle, CSO coronary sinus
ostium, /PM inferior papillary muscle, OF oval fossa,
RVOT right ventricle outflow tract, SC supraventricular
crest, SCV superior cava vein, SMT septomarginal trabec-
ulation, and SPM septal papillary muscle. Modified from
[12]. It is an open access article

Fig. 2.27 Micro-CT allows objective discrimination
of the human sinus node. This figure demonstrates high
resolution (28 x 28 x 28 pm?*) micro-CT data from part of
the right atrium containing the sinus node. For this figure,
the sinus node is outlined in yellow in short-axis micro-
CT sections (¢, d) and in matching histological sections

taken from the same sample (a, b). The plane of section
in ¢ and d is shown on the 3D volume rendering (endocar-
dial view) (e). CT terminal crest, /CV inferior caval vein,
PcM pectinate muscles, SCV superior caval vein, SN sinus
node, “Asterisk” indicates epicardial fat. From [72]. It is
an open access article
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Fig. 2.28 Objective segmentation of the human sinus
node and its paranodal area. This figure demonstrates high
resolution (28 x 28 x 28 pm?*) micro-CT data from part of
the right atrium containing the sinus node. The extent of
the sinus node and its paranodal area is outlined in short-
axis (a—c) and long-axis (d) micro-CT images. (e) Volume
rendering (endocardial view) showing objective segmen-
tation of the low pixel values corresponding to the body
of the sinus node in dark blue; pixel values corresponding

[72] showed that accordingly with previous
immunohistochemical studies of [76], there is no
confirmation of intramural Purkinje fibres in the
human heart.

2.7  Anatomy of Right Heart

Vessels: Short Points

The RV has a blood supply assured by the right
coronary artery (RCA) and the left (LCA) [14, 48,
67] (Fig. 2.31). The RCA emerges from the right
anterior sinus of Valsalva and along with the right
atrioventricular sulcus provides two branches: the
conus arteriosus branch and the right atrial
branches. The conus artery and the communicat-
ing arteries from the IVS are a significant collat-
eral blood supply to the LV, anterior regions and
anterior two-thirds of the IVS. The right atrial

to the paranodal area are shown in turquoise. The plane
of section in a-c is shown on the 3D volume rendering
(f). Arrows indicate the approximate seed point for the
objective segmentation of the sinus node. Sinus node
body length = 14.8 mm, width = 4.3 mm. The sections are
available to view without the outlines in the supplemen-
tary Fig. S2. CT terminal crest, SN sinus node. From [72].
It is an open access article

branch gives the SA nodal artery in 50-73% of
population [64, 66] and runs along the anterior
RA to the SVC, surrounding the vessels prior to
getting the SA node. Before the RCA gets to the
AV groove, it gives some branches to the RA and
RV, including the right marginal branch, which
supplies the right margin of the heart [7, 17].

Further, RCA goes along with the sulcus pos-
teriorly until it arrives at the crux cordis [48]. It
branches downward to form the posterior inter-
ventricular (descending) artery in the posterior
interventricular sulcus. It supplies the posterior
free wall of the RV and in 85-90% branches into
smaller arteries (posterior septal arteries) to sup-
ply the distal one third of the IVS [64]. The AV
nodal artery runs anteriorly to the base of the
atrial septum and supplies the AV node (50-60%
of hearts), the proximal part of the bundles of
His, and parts of the posterior IVS [7, 17].
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Fig. 2.29 The human atrioventricular conduction axis
resolved by micro-CT. This figure demonstrates high
resolution (73 x 73 x 73 pum?®) micro-CT data from a
whole human heart. It shows the 3D extent and location

of the segmented atrioventricular conduction axis across
the upper surface of the interventricular septum (e). The
viewpoint in e is from the atria, looking down into the
ventricular chambers. Illustrative long-axis sections from
the micro-CT dataset and from corresponding histological
sections show the compact node in the right atrium proxi-
mally and inferiorly (a, ¢), becoming the penetrating bun-
dle (b, d), and extending anteriorly and slightly rostrally

The venous circulation of heart is separated
into three systems: (1) the cardiac venous tribu-
taries forming the coronary sinus, (2) the anterior
cardiac veins (anterior right ventricular), and (3)
the smallest cardiac (Thebesian) venous system.
The satellite venous system, formed by the great,
middle and posterior (small) cardiac veins, con-
verge to form the coronary sinus and drain 49%
of myocardial blood [7, 64].

2.8 Myoarchitecture of Right

Heart

In fact, the helical structure of human heart was
described from 500 years by Francisco Torrent-
Guasp who described the ventricular wall as a

to become the branching bundle (e). The plane of section
in ¢ and d is shown on the 3D volume rendering (e). The
sections are available to view without the outlines in the
supplementary Fig. S3. Atrioventricular conduction axis
colour coding in panel e; furquoise inferior nodal exten-
sion, red compact node, blue penetrating bundle, green
branching bundle, purple dead-end tract. CFB central
fibrous body, CN compact node, /AS interatrial septum,
1VS interventricular septum, LV left ventricle, PB pene-
trating bundle, RV right ventricle, RVOT right ventricular
outflow tract. From [72]. It is an open access article

“single myocardial band twisted on itself to form
an oblique apical and a transverse basal loop”,
that is nowadays defined as “double helical myo-
cardial architecture” [77-79].

The microstructure of the atrial tissue is impor-
tant in the electrical activation [80]. Based on his-
tological studies, micro-CT studies, or diffusion
tensor magnetic resonance imaging (DT-MRI),
[81] developed a new atrial model that improves
their previous 3D model of the human atria
(Fig. 2.32) [81]. It seems that their new model
RIUNET has amplified anatomical and functional
heterogeneity and detailed regional description of
fibre direction [81]. Based on the histological anal-
ysis, the model was manually separated into 21
regions. Though, some areas were further divided
into a total of 53 sub-regions (Fig. 2.32) [81].
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Fig.2.30 Segmentation of the right bundle branch. The
high resolution (73 x 73 x 73 pm?) micro-CT data from
the whole human heart, showing the 3D extent and posi-
tion of the segmented right bundle branch (red in panel
d) on the lateral aspect of the interventricular septum (c,
d), as viewed from within the right ventricular cavity.
Illustrative long-axis micro-CT sections showing the prox-
imal (a) and distal (b) aspects of the right bundle branch.

Left coronary artery

Left anterior
descending artery

Anterior
interventricular

vein
Left

circumflex
-
artery

y’

descending artery

From the view in (d) a part of the so-called dead-end tract
at the anterior/rostral extent of the atrioventricular con-
duction axis can be identified (purple). The position of the
cross-sections (a, b) are shown in the 3D volume render-
ing in (c¢). Ao aortic root, AVCA atrioventricular conduc-
tion axis, CS coronary sinus, /VS interventricular septum,
MS membranous septum, RBB right bundle branch. From
[72]. It is an open access article

Left coronary artery Left
circumflex

artery

Great cradiac

Left anterior

Anterior interventricular vein

Fig.2.31 Relationship of the coronary arteries and veins to the ventricular outflow tracts. RVOT right ventricular out-
flow tract, SVC superior vena cava. From [67] with permission



48

M. Ifrim et al.

Y oks Lol

Fig.2.32 Properties of the 3D atrial model. Row (1) show
in colours the division in 21 atrial regions; Row (2) shows
preferential conduction bundles; Row (3) shows principal

On the other hand Pashakhanloo et al [82] col-
lected data from 8 human atrial hearts specimen
ex-vivo using a 3-dimensional diffusion tensor
magnetic resonance imaging sequence on a clini-
cal scanner that makes it possible to image an
entire intact human heart specimen ex vivo at sub-
millimeter resolution (Fig. 2.33) [82]. To sum up,
the high resolution and reliability of this data could
increase our knowledge of structural supports to
atrial rhythm and pump disorders and lead to
improvements in their targeted treatment [81, 82].

Presently, it is well established that LV con-
tains three layers (superficial/epicardial, middle,
and deep/subendocardial), and RV comprises
only two layers (superficial/epicardial and deep/
subendocardial) [83]. To reiterate, the LV wall
comprises superficially/epicardial myofibers
with oblique course, middle myofibers with
mainly circular course, and deep/subendocar-
dium myofibers with longitudinal course. On the
other hand, the LV wall is thicker and myocardial

fibre direction; Columns correspond to (a) Frontal view;
(b) rear view; (c) inferior view; and (d) right lateral view.
From [81]. It is an open access article

fibers have helical course in a continuous
sequence between the subepicardium and suben-
docardium. Normally, the subepicardial and sub-
endocardial myofibres give the longitudinal
contraction of the LV and the middle layer of
myofibres gives the circumferential contraction
of the LV [83]. For the LV, the middle circumfer-
ential constrictor myofibers decrease its diameter
during LV ejection. In brief, the subendocardium
layer has right handed alignment and the subepi-
cardium layer has a left-handed direction from
apex to base [84, 85]. Additionally, the contrac-
tion of superficial oblique myofibers shortens
LV. Finally, the rotation of LV apex comparative
to the base finalizes LV ejection [86]. Because
the myocardial geometry has a helical pattern,
during systole epicardial myofibres will rotate
the base in a clockwise direction and the apex in
a counterclockwise direction, whereas the suben-
docardial myofibers will rotate the LV apex and
base in reverse directions ([83]).
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Fig. 2.33 Acquired geometry and fiber visualization
results in human atria specimens. Left, Atrial geometry.
(a) Short-axis view of a nondiffusion-weighted image
(b0) with superimposed segmentation of left atrium
(LA red), right atrium (RA blue), and interatrial bundles
(green). Fat tissue surrounding the atria is excluded from
the segmentation. (b) Anterior view of left and right atria
created from T1-weighted images; the dark grey volume
represents lumen. Right, Fiber visualization using tractog-
raphy. (¢) Posterior view of atrial roof. (d) Anterior view.

The myocardium of RV ventricular wall has
an intricate three-dimensional network of
myocytes in a matrix of fibrous tissue (see
Fig. 2.34) [50, 86, 87].

Firstly, the superficial/epicardial myofibers
are disposed circumferentially (more than
those of the LV) in the subepicardium with a
parallel course to the atrioventricular groove
surrounding/encircling  the  subpulmonary
infundibulum and deeper subendocardial lon-
gitudinal myofibers. Secondly, the subendocar-
dial myofibers contain longitudinal fibres
“which pass through the vortices toward papil-
lary muscles to the AV orifices and the arterial
orifices, and to the IVS” [83]. Further, the

RAA
\) SvC

RSPV | :
) LSPV lepv
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Mitral valve
valve
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Tricuspid valve

(e) Inferior and left lateral views. (f) View of right atrium.
Color encodes the local distance to the endocardial shell:
yellow is the endocardial layer, and red is the epicardial
layer. BB indicates Bachman bundle, /VC inferior vena
cava, LAA left atrial appendage, LIPV left inferior pulmo-
nary vein, LSPV left superior pulmonary vein, MV mitral
valve, RAA right atrial appendage, RIPV right inferior pul-
monary vein, RSPV right superior pulmonary vein, SVC
superior vena cava, and TV tricuspid valve. From [82]
with permission

superficial myofibers has a spiral fold inward
at the RV apex to shape the deep/subendocar-
dial myofibers that are lined up longitudinally
toward the base. On the whole, the thin RV
wall has mainly myofibers with circumferen-
tial and longitudinal courses. The deep longitu-
dinally layer is disposed from apex to base,
allowing only the longitudinal shortening [49].
Longitudinal fibers contract to result in inward/
radial thickening. The septal motion is consid-
ered to contribute to both LV and RV function
[88, 89] and is a major determinant of overall
RV performance [88-90]. The IVS is created
only by helical fibers that represents <40% of
the ventricular muscle mass [91].
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Fig. 2.34 Dissection specimens of the intact heart (left),
and the unwrapped free wall that surrounds the underlying
septum (right). The upper image shows the helical heart
model, and mirrors the dissected ventricle are shown

29 Computational Cardiac

Modelling and Anatomy

The history of modelling for knowing cardiac
anatomy, physiology and mechanics has a long
history back to Woods [92]. Since work of Woods
[92], modelling has developed for understanding
the basic anatomical and physiological problems.
Asin Fig. 2.35, the multiscale anatomy and phys-
iology of the heart play an essential role to car-
diac function [95, 96].

below. The ascending segment fibers (Asc) cover the right
side of the septum. The basal loop is shown, and formed
by a right segment (RS) and left segment (LS). From [50]
with permission

Poromechanical Modeling

Recently, the team of Chabiniok et al [95],
applied poromechanical modelling to the
heart, based on the facts of experimental
remarks that disclosed significant addi-
tional features [95]. For instance, porome-
chanical modelling to the heart revealed
that cardiac tissue exhibits powerful aniso-
tropic swelling and stiffening effects under
perfusion pressure [97], same to skeletal
muscle [98].
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sarcomeres

myofibrils

Fig.2.35 Illustrative representation of multiscale cardiac
anatomy. (a) Geometric representation of the biventricular
anatomy of the heart with streamlines illustrating its fibre
architecture, (b) tissue block illustrating the laminar struc-
ture of the heart comprising fibre bundles arranged into
sheets separated by cleavage planes, (¢) local structural
arrangement of myocytes and coronary capillaries, (d) 3D

Also, a dynamic heart shows important cou-
pling effects like the established obstruction flow
phenomenon taking place during cardiac systole
[99]. On the other hand, heart perfusion is also
highly categorized with a blood flow in areas of

m’ COrONAIES mm—
myocytes
c r ' _1

nucleus

cleavage planes

laminar sheets

100 um

ECM
collagen

nucleus

10 um

view of the cardiomyocyte cut to view internal structures
(data courtesy of Dr Rajagopal and Dr Soeller [93, 94]),
(e) anatomy of the cell illustrating nucleus, myofibres
(comprising crossbridges) and mitochondria. RV right
ventricle, LV left ventricle, PV pulmonary valve, AV aortic
valve, MV mitral valve, ECM extracellular matrix, Mito.
mitochondria. From [95]. It is an open access article

tissue supplied by particular bigger arteries [100].
To study this aspect, [95], coupled the flow from
larger arteries to a distal poromechanical tissue
model producing a multiscale depiction that
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Fig.2.36 Coupled 1D flow-poroelastic perfusion model
shown at early systole. Flow velocities are shown in the
vessel segment. The pore pressure in the myocardium
shows increased systolic compressive forces preferen-
tially towards the subendocardium [101]. Modified from
[95]. It is an open access article

explains the spreading of inflow sites (see Fig. 2.36)
[95, 101].

Conclusions
Without a doubt, the RV and the LV are differ-
entin their anatomy and physiology. Moreover,
morphologically and functionally, both ven-
tricles are comprehensible linked not only in
health but also as they react to disease [8].
The better knowledge of the anatomy and
physiology of the septum and RV free wall will
provide techniques for treating RV dysplasia,
RV failure due to pulmonary regurgitation, RV
dysfunction after cardiac transplantation, and
some right-sided congenital defects that
involve LV function. Also, it is compulsory to
improve and develop methods that prevent
septal injury during cardiac surgery [102].
Understanding the image features of the
human heart acquired by histological studies,
echocardiography, CT, micro-CT studies, or

diffusion tensor magnetic resonance imaging
(DT-MRI) has a very important role in the cor-
rectness of anatomically outlining of the car-
diac features, especially those associated to
the conduction system. Studying classic anat-
omy of the heart on cadaveric samplings is a
requirement to know what imaging investiga-
tions brings for the study of RV anatomy and
physiology [12].
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Abstract

The present chapter attempts a detailed yet
comprehensive account of the exceedingly
complex molecular events involved in heart
development, including description of the
main differentiation signaling pathways, tran-
scription factors, enhancers and gene regula-
tory networks, with a special emphasis on
applying this continuously enlarging body of
modern scientific knowledge to the field of
stem cell differentiation into cardiomyocytes
for diagnostic and therapeutic applications.
MicroRNAs are also emerging as an important
area of discovery aiming to revolutionize cur-
rent therapies in cardiology, therefore we
describe their involvement in cardiogenesis,
proliferation/apoptosis, angiogenesis, fibrosis
and hypertrophy. After reviewing the architec-
tural organization, ultrastructure details and
functional compartments of cardiomyocytes
derived from in vitro and in vivo studies, we
focus on molecular mechanisms involved in

cardiac hypertrophy and fibrosis, particularly
on calcium signaling events triggering these
excessive adaptive responses. Further, we
stress the embryogenetic and molecular differ-
ences between the right and left ventricle, as
well as their pathophysiology specificities and
clinical consequences.
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3.1 Introduction

The right myocardium is a territory with dis-
tinct embryogenetic origins, appeared relatively
recently in phylogenesis, in association with
conquest of land by animal species and adap-
tation from aquatic to atmospheric breathing.
Therefore it is subjected to several peculiarities
concerning molecular mechanisms involved in
its morphogenesis and differentiation, as well
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as its structural organization and functional fea-
tures. These differences are particularly signifi-
cant in pathological states, such as response to
pressure or volume overload: the right ventricle
is more susceptible to oxidative stress, featuring
less developed mechanisms for reactive oxygen
species scavenging, has a less robust neoangio-
genetic response to hemodynamic stress, and is
more prone to cardiomyocyte apoptosis com-
pared to the left ventricle. The coronary blood
flow of the right ventricle occurs predominantly
during systole, due to a milder pressure regime
and lower intraparietal tension, compared to the
left ventricle, where it occurs predominantly dur-
ing diastole. This reduced pressure regime and
lower vascular resistance in the pulmonary circu-
lation also explains why the right ventricle aver-
age workload is fivefold lower compared to the
left ventricle workload, resulting in lower oxygen
consumption and metabolic stress. Such pecu-
liarities are extremely important for their clinical
and therapeutic consequences, given the specific
pathologies leading to right ventricular hypetro-
phy and right ventricular failure: congenital heart
defects with left—right hemodynamic shunt,
pulmonary artery stenosis, right heart valvulopa-
thies, other causes of primary pulmonary hyper-
tension, right ventricular myocardial infarction,
or rare genetic disorders such as arrhythmogenic
right ventricular dysplasia (ARVD).

3.2 Developmental Insights
Cardiomyocyte differentiation is a complex step-
wise process controlled via alternating activation
and interplay of multiple signaling pathways and
gene regulatory networks. We start with a brief
presentation of the most important ones.

Wntl and p-catenin are the orthologs of
Drosophila melanogaster genes Wingless and
armadillo, required for cardiac specification
briefly after gastrulation, via a mechanism inde-
pendent from Wingless-induced neural segmen-
tation. Wnt ligands are involved in a large variety
of embryogenetic processes including anterior-
posterior axis formation, primitive streak for-
mation, mesoderm and ectoderm patterning,
Hensen node formation (driven mainly by Wnt3

gradients), epithelial-to-mesenchymal transition,
and multiple lineage specification. A canonical
or p-catenin-related Wnt pathway is activated
by ligands Wntl,2,3A,8A,8B,8C,10A,10B, and
can be mimicked by small molecule inhibitors
of glycogen synthase kinase 38 (GSK3p) like
BIO, LiCl, or the widely used synthetic inhibi-
tor CHIR99021. Another natural inhibitor of the
canonical Wnt pathway widely used earlier in
cardiomyocyte differentiation protocols is solu-
ble Dickkopfl (Dkk1), shown to act by isolating
LRP6 (low density lipoprotein receptor-related
protein 6), a key component of the LRP5/LRP6/
Frizzled co-receptor involved in activation of the
canonical pathway, in parallel with reduction of
B-catenin and an increase in Oct4 expression.
The non-canonical Wnt pathways are planar
cell polarity and Wnt/Ca?*, activated by non-
canonical ligands Wnt4,5A,5B,6,7A,7B,11. Wnt/
B-catenin is indispensible for posterior streak
mesoderm induction and initial commitment of
pluripotent stem cells (PSCs) to cardiomyocytes,
but generally it is involved in both mesoderm and
endoderm formation. Wnt3A is activated via the
PI3K/Akt pathway and promotes cardiopoiesis,
while PI3K inhibition triggers GSK3p-induced
f-catenin degradation. Another target of Wnt/f--
catenin signaling is brachyury (T), an important
transcription factor (TF) for mesoderm develop-
ment and patterning. The T gene promoter fea-
tures Wnt responsive elements, and is expressed
in the mesoderm, primitive (Hensen) node, noto-
chord and notochordal plate during gastrulation.
T upregulates in turn Wnt3A, FGF8 (fibroblast
growth factor) and AXIN2 in embryonic stem
cells (ESC). After mesoderm induction, further
cardiomyocytes differentiation requires suppres-
sion of canonical Wnt pathway.

Bone  morphogenetic  (BMP) pathway
involves a superfamily of short range morpho-
gens (BMP2,4,5-8) acting as TGF-f (trans-
forming growth factor) ligands, that disrupt
ESC self-renewal and induce differentiation.
They result in activation of Smad-1, -5, and -8,
and all these form complexes with Smad-4 req-
ired for transcriptional activation upon nuclear
translocation. Competition for Smad-4 gener-
ates cross-talk with other signaling pathways,
like Nodal/activin. Inhibition of BMP signaling
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by Noggin induces neuroectoderm formation.
Treatment with BMP-2 and FGF-4 results in
cardiogenic induction in non-precardiac meso-
derm cells and promotes cell survival and pro-
liferation. Combinatorial co-culture experiments
showed that only stage 6 anterior lateral plate
endoderm (LPE) induces cardiac differentiation
of the anterior lateral plate mesoderm (LPM),
uner the action of BMPs, activin A, FGFs and
vitamin A, while stage 45 anterior LPE and cen-
tral endoderm induce non-cardiogenic posterior
primitive streak cells to cardiomyocytes. The
LPM consists of primary and secondary heart
field progenitors, with defined spatial boundar-
ies. The primary heart field forms the primary
heart tube that generates the right and left atria,
the left ventricle, atriovenous inflow tract and
atrioventricular canal, while the secondary heart
field generates the right ventricle, the ventricular
outflow tract, and the smooth muscle cells con-
necting to the aorta and pulmonary artery trunk.
Inhibition of BMP signaling promotes secondary
heart field expansion. Asymmetrical BMP activ-
ity leads to Smad]l activation only on the right
side of developing myocardium. BMP secre-
tion induces cardiac TFs like GATA4, Mef2C,
Nkx2.5 via TGF-B-activated kinase 1 (TAK-1),
or Tbx2/3 for heart and limb development. BMP-
Smadl promotes the expression of Tbx20, but
not of Tbx5 and MHC (myosin heavy chain), via
non-canonical Smad-binding elements. In later
stages of heart development, Wnt inhibition must
be combined with BMP activation.
Nodal/activin is a signaling pathway essential
for mesoderm patterning and lineage specifica-
tion. Smad-2 and -3 deletion leads to suppression
of Nodal activity, resulting in impaired speci-
fication of axial mesendoderm, while Smad-4
double knockouts lack anterior primitive streak
patterning but feature heart formation. Smad-4
induced activation of TGF-} via Smad-2/3 exerts
antiproliferative and migratory effects. Beyond
induction of anterior mesendoderm that further
secretes cardiogenic factors, Nodal is directly
involved in cardiac mesoderm formation, in syn-
ergy with FGF, reflected in expression of brachy-
ury (T) and Xbra. The Xbra2 promoter features
common activin and FGF regulatory sites; thus,
low FGF/activin concentrations upregulate Xbra

expression, while high concentrations downregu-
late it via Goosecoid (Gsc), Mix.1 and Xotx2.
hESC cardiac differentiation protocols usu-
ally include high concentrations (100 ng/ml) of
Wnt3A and activin A, and fine modulation of
mesoderm cardiogenic differentiation can be
achieved by appropriate combinations of BMP4
and activin A.

FGF (fibroblast growth factors) signal-
ing pathway involves the well-known MAPK
(mitogen-activated protein kinase) pathway in
hESCs, while PI3K preserves pluripotency by
nuclear location of B-catenin. Generally, FGFs
are involved in a large array of fate decisions
in mesendoderm, mesoderm and endoderm.
FGF-1, -4, and BMP-2, all required for cardiac
differentiation, are secreted by endoderm in the
vicinity of anterior LPM, but they can induce
cardiogenesis even in remote regions, such as
the posterior mesoderm. FGF-8 levels in endo-
derm beneath cardiogenic mesoderm are regu-
lated by the cardiac region of neural crests, and
secreted FGF-8 induces transcription factors
Nkx2.5 and Mef2C in BMP-2-exposed cells.
Further, FGF-8 and BMP-2 promote cardio-
genesis in the secondary heart field. FGFs via
FGFR?2 induce Sox2, producing Wnt inhibition
required for cardiogenesis.

Notch signaling, required for mesoderm dif-
ferentiation in somites, is upregulated by Wnt
signaling along the canonical pathway via induc-
tion of Notch ligand Delta-like 1, and further
transmits Wnt and BMP-related signals required
for cardiac specification, including secreted
Frizzled-related proteins.

Sonic hedgehog (Shh) signaling triggers
somitic Smad-1 induction and responsiveness to
BMP-2/-4 signaling, therefore cardiogenic vs.
somitic differentiation requires Shh inhibition.
However, Shh contributes transiently to forma-
tion of secondary heart field progenitors, there-
fore it is required for arterial pole development
by the right side of the secondary heart field. The
Shh agonist puromorphamine has been used for
cardiogenic differentiation of the mesoderm in
conjunction with inhibition of Wnt/p-catenin and
Nodal pathways.

Retinoic acid acts upon binding to two dis-
tinct classes of nuclear receptors: retinoic acid
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receptors (RARs) and retinoid X receptors
(RXRs), both of them with an «, B, and 7y iso-
form. RARs couple only all-trans-RA, while
RXRs interact with both the trans and cis iso-
mers. Retinoic acid plays a role in development
of the secondary heart field, that produces atrial
heart cells, but it also contributes to proliferation
of ventricular cells. It has been effectively used
as a component of serum-containing supple-
ments required for reprogramming human car-
diac mesenchymal stem cells into cardiovascular
precursors.

Progress in understanding the signaling path-
ways involved in cardiomyocytes differentiation
led to development of increasingly sophisticated
methods and protocols for obtaining in vitro car-
diomyocyte preparations starting from embryonic
stem cells (ESC) and later from induced pluripo-
tent stem cells (iPSC). A first achievement was
derivation of human ESC (hESC) from the inner
cell mass of human blastocysts by James Thomson
et al. in 1998 [1], followed shortly by the proof
that embryoid bodies (EB) derived from hESC
can generate beating functional cardiomyocytes
[2, 3]. Further refinements allowed efficient car-
diomyocyte production from several hESC lines
[4] and hESC differentiation into cardiomyocytes
by co-culture with visceral endoderm-like cells
(END2) [5]. Further, cardiomyocyte differentia-
tion from hESC-END2 co-cultures was improved
by use of serum-free medium and ascorbic acid
[6]. In 2007, Laflamme et al. obtained the first car-
diomyocyte differentiation from hESC cultured
in monolayers by activin A and BMP4 treatments
[7]1, while Burridge et al. increased cardiomyo-
cytes yields by forced aggregation of hESC into
uniform EB [8].

In 2006, Yamanaka and Takahashi reported
the first reprogramming of mouse fibroblasts
into iPSC that were further differentiated into
beating cardiomyocytes [9], a huge achieve-
ment that is starting to revolutionize biomedical
research and clinical therapies. Their original
approach was based on retroviral transfection
of 24 candidate pluripotency factors genes, of
which only 4 were found to be essential for plu-
ripotent stem cell induction: Oct 3/4 (octamer-
binding transcription factor, encoded by Pou5f1),

Sox2 (sex-determining region Y-box 2), Klf4
(Kruppel-like factor 4), and the well-known
protooncogene c-Myc (similar to myelocytoma-
tosis viral oncogene v-Myec, involved in chro-
mosome 8 translocations in Burkitt lymphoma
patients, upregulated in a large variety of human
cancers). Although impressive, this procedure
resulted in low iPSC yields when applied to
adult human fibroblasts (<0.01%), and required
several weeks to achieve expandable iPSC colo-
nies [10]. The efficiency of pluripotency induc-
tion could be increased via several methods [11],
like cell culture medium supplementing with
vitamin C, exposure to hypoxia, removal of cell
cycle control checkpoints by disrupting signal-
ing pathways involving tumor-suppressor protein
p53 and INK4A, or expression of ESC-specific
microRNAs. Switching the differentiated human
cell source form fibroblasts to juvenile human
keratinocytes resulted into an increase of effi-
ciency by two orders of magnitude and halving
of the de-differentiation time, with the same
set of pluripotency genes inserted by retroviral
transfection [12]. Further studies have tested dif-
ferent combinations of pluripotency genes, e.g.
by replacement of the highly oncogenic c-Myc
and Kl1f4 with Lin28 and Nanog, and keeping the
other two pluripotency factors as in the orginal
formulation [13]. It was found that K1f4 transfec-
tion was sufficient to trigger endogenous Nanog
expression, obviating the need to add this factor
to the combination [14]. Other attempts were
directed towards replacement of retroviral trans-
fection with less harmful methods, to avoid gene
disruption or disregulation upon random inser-
tion of retroviral transcripts into the host cell
genome. Thus, Okita et al. were able to generate
mouse iPSC using retrovirus/adenovirus vectors
or virus-free plasmid transfection under a con-
stitutively active CAG promoter, although with
lower efficiency [15]. Chang et al. used a polycis-
tronic excisable self-inactivating lentiviral con-
struct with a loxP site in a truncated 3'LTR (long
terminal repeat), that could be almost completely
removed from the genome upon exogenous Cre
transfection [16]. Other viral vectors that do not
result in genome incorporation, such as adenovi-
ruses or modified Sendai viruses, have also been
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used for reprogramming with good results, and
are nowadays commercially available. Another
interesting reprogramming tool is a doxycycline-
inducible excisable piggyBac transposon system,
requiring only inverted LTRs flanking the con-
struct and transient expression of a transposase
to exert insertion or excision events [17, 18].
An alternate reprogramming method relies on
overexpression of the miR-302 microRNA up
to 1.3-fold the levels in human ESC, resulting
in cosuppression of four epigenetic regulators:
AOF 1 and 2, MeCP1-p66 and MeCP2 [19]. Yet
other attempts succeeded iPSC induction with
only two of the four pluripotency factors (Oct4
and Sox2), in combination with valproate acting
as deacetylase inhibitor [20], or even with Oct4
alone in combination with small molecules [21].

An even more painstaking process is iPSC dif-
ferentiation into cardiomyocytes. This requires a
multistage protocol recapitulating natural car-
diomyocyte differentiation occurring during
embyogenesis, composed of the following steps
(each featuring several specific cell markers):
mesoderm induction (markers: mouse Brachyury
homologue or T, FoxC1, DKK1), formation of
cardiogenic mesoderm (markers: Mespl, Isll,
Kdr or VEGFR?2), cardiac mesoderm (markers:
Nkx2.5, GATA4, Tbx5, Mef2C, Hand1/2), and
cardiomyocyte differentiation (markers: ACTNI,
MYH6, TNNT2) [22]. In vitro approaches
attempt to mimick embryonic signaling pathways
involved in mesoderm induction: Wnt, BMP,
Nodal/activin, FGF, followed by cardiac specifi-
cation with inhibition of Wnt, BMP and TGF-f§
pathways [23]. Cell culture methods for ESC or
iPSC differentiation into cardiomyocytes have
evolved from embryoid body formation-based
methods to co-culture based methods, monolayer
culture based methods, up to large-scale pro-
duction methods using suspension cultures and
directed differentiation into cardiac subtypes [24].
Burridge et al. described recently an effective
method for patient-derived cardiomyocyte gen-
eration starting from skin fibroblasts or periph-
eral blood mononuclear cells using chemically
defined media and synthetic matrices [23]. They
found that the complex B27 supplement added
to RPMI1640 chemically defined cell culture

medium, initially used for culture of hippocam-
pal neurons, containing 21 components, many of
them of animal origin, can be reliably replaced
by a mixture of only three components: RPMI
1640 medium supplemented with L-ascorbic
acid 2-phosphate and rice-derived recombinant
human albumin. Using such in vitro differentia-
tion methods results in heterogeneous and phe-
notypically diverse cell populations, containing
10-15% cardiomyocytes on the average [25].
These preparations can be further enriched to
>95% cardiomyocytes using antibiotic resistance
genes coupled to tissue-specific control regions
(e.g. a blasticidin-resistance gene controlled by
the heavy meromyosin chain MYH6 promoter)
[26]. Other cardiomyocyte enrichment methods
include glucose-free culture media containing
lactate [27], and suspension cultures [28]. A wide
variety of commercial human induced pluripotent
stem cell-derived cardiomyocyte preparations
from documented well-characterized donors
are currently available for in vitro research pur-
poses, provided by companies such as: Cellular
Dynamics International (Madison, WI: iCell®
Cardiomyocytes and iCell® Cardiomyocytes?),
Axiogenesis (Cologne, DE: Cor.4U®, VCor.4U™,
MaturedCor.4U), Pluriomics (Leiden, NL:
Pluricyte® Cardiomyocite Kit) (these two com-
panies merged into Ncardia), and ReproCell
(Yokohama, JP: ReproCardio2).

We will further discuss the complex signaling
pahways and gene regulatory networks involved
in cardiogenesis. A recent study [29] describes
identification of the embryonic anterior intestinal
portal (AIP—the edge of the endoderm groove
that precedes formation of the foregut) as a
heart organizer, i.e. a part of the embryo capa-
ble to induce and pattern adjacent tissue, even
if excised and heterotopically transplanted. To
date only a few embryo organizers were known:
Hensen’s node, inducing and patterning the cen-
tral nervous system (the amniote equivalent of
the amphibian dorsal lip of the blastopore, the
first organizer discovered in 1924), the notochord
and floor plate (organizing different sets of neu-
rons along the neural tube), the zone of polarizing
activity (the caudal edge of limb buds, organiz-
ing limb skeletal elements including the fingers),
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and the midbrain-hindbrain isthmus (organizing
the midbrain-tectum and hindbrain-cerebellum).
Experimental approaches started with identifica-
tion of a gene signature of organizers, via differ-
ential microarray profiling of RNA extracts form
Hensen’s node vs. posterior primitive streak,
notochord vs. dorsal neural tube, and posterior vs.
anterior upper limb bud edge, resulting in a gene
set of 31 enriched transcripts and 17 depleted
transcripts. The AIP of chick embryos at dif-
ferent developmental stages showed differential
expression of 35 of the 48 genes of the organizer
gene set (20 enriched and 15 depleted), including
NRPI1, FBLN7, KIRREL3, and VTN. Further,
the organizing effect of AIP was tested on a par-
axial mesoderm region adjacent to Hensen’s node
(dubbed region #3) that does not contribute to
heart when grafted homotopically. In this region
AIP was able to induce early cardiac markers like
GATA4, Nkx2.5, Tbx5, Isl1, Mef2C, as well as to
induce markers of ventricular identity (MYH15,
IRX4, NPPB, GJAS) and to suppress markers of
atrial identity. AIP from transgenic green fluo-
rescent protein-expressing donors grafted over
the cardiogenic mesoderm extended ventricular
specification posteriorly into the atrial region,
with ventricular marker IRX4 repressing atrial
marker AMHCI.

Efforts have been spent to identify the tran-
scription factors involved in heart development,
as well as their cofactors and DNA regulatory
regions that control cardiac gene expression.
Kathiriya et al. describe several strategies used
to identify cardiac transcription factors (TF):
they can be searched either by evolutionary con-
servation, or by expression patterns, or by func-
tion in cardiovascular development [30]. Many
molecular biology and genetics studies have
been performed on Drosophila melanogaster
embryonic development, therefore it makes per-
fect sense to search for mammalian orthologs of
Drosophila genes involved in cardiac mesoderm
specification and differentiation, as well as for
paralogs across the genome once the sequence
of a TF has been identified. One good example
is identification of mouse Nkx2.5/Csx, a mam-
malian ortholog of Drosophila Tinman (initially
named msh-2/NK4, involved in specification of

heart and visceral muscles in the fruitfly), by low
stringency hybridization [31]. Another example
is identification of Hand2 using a phage library
of mouse genome with a Handl hybridiza-
tion probe [32]. TF identification by expression
patterns is illustrated by discovery of myocar-
din using an expressed sequence tags library
screened for novel sequences specific for cardiac
cDNA. Forward genetic screens based on cardio-
vascular system phenotypes led to identification
of Gridlock/Hey2/Hrt2 TF starting from zebraf-
ish mutations induced by N-ethyl-N-nitrosourea
[33]; the same TF was identified via homology
screening starting from the bHLH (basic helix-
loop-helix) domain [34]. Other important issues
in investigating TF roles in cardiac biology are
related to the study of TF-TF protein interactions
and TF-DNA binding elements. Thus, using can-
didate gene approaches or yeast 2-hybrid screen-
ing revealed TF-TF interactions between Tbx5
and GATA4 [35] or Nkx2.5 [36]. Tbx5 exerts
multiple roles in cardiogenesis, being expressed
in developing atria, left ventricle, and conduction
system. Although Tbx5 double knockout mice
show defects in cardiac looping and left ven-
tricle hypoplasia accompanied by early embry-
onic death (E10.5) [36], ventricle-restricted Tbx5
homozygous deletions result in unique mispat-
terned ventricle and death at E11.5 in mouse
embryos [37]. Targeted Tbx5 deletion by a Cre/
loxP system with Cre expression under control
of Mef2C anterior heart field enhancer and pro-
moter leads to lack of development of interven-
tricular septum, with normal lateral ventricular
walls development and molecular specificity of
right and left ventricles [37], while endocardium-
specific Tbx5 deletion leads to atrial septal defects
without embryonic lethality [38]. TF affinity
for DNA binding elements can be assessed via
in vitro binding and electromobility shift assays;
thus, a Tbx5-binding sequence could be identi-
fied by similarity to a Brachyury-binding motif
[36, 39]. Enhancer elements are DNA regulatory
sequences that accelerate assembly of general
trascription factors of RNA polymerase II on the
promoter sequence, located directly upstream
the gene sequence, and help initiation of tran-
scription. For cardiovascular development they
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are usually cis regulatory sequences, located
upstream or downstream of the gene, identified
via sequence conservation, chromatin features,
or functional assays. Although developmental
enhancer elements are active in several related
types of tissue, their function is tightly linked with
cell-type-specific TFs. Enhancers acting during
early cardiac development show the strongest
evolutionary conservation [40]. TF binding to
enhancer cis regulatory elements leads to epigen-
etic changes that can be subsequently identified,
such as histone-3 lysine 27 acetylation induced
by p300 (H3K27ac) [40-42], or trimethylation
(H3K27me3) of enhancers by polycomb repres-
sive complexes (PRC), or nucleosome depletion
leading to DNAse-hypersensitive sites (DHS)
preferentially cleaved by in vitro DNAse I treat-
ment [43, 44], or preferential access to formal-
dehyde or transposase, evidenced by FAIRE-seq
(formaldehyde-assisted isolation of regulatory
elements and sequencing) [45] or ATAC-seq
(assay for transposase-accessible chromatin
sequencing) [46]. Enhancer identification by reg-
ulatory function involves inserting a candidate
enhancer sequence akin to a gene promoter cou-
pled to a reporter gene, via a construct inserted
in isolated cells or transgene animals as a tran-
sient episome or integrated in the genome, e.g.
identification of rat NPPA enhancer by transient
transfection in cardiomyocytes [47—49]. A high-
throughput enhancer detection method is self-
transcribing active regulatory region sequencing
(STARR-seq) [50]. Once enhancer activity for
a reporter gene proved, there is still uncertainty
about its role in modulating expression of its
target gene in the natural genomic context, that
requires in vivo functional testing. Another effi-
cient technique, chromosome conformation cap-
ture (3C), can directly prove physical contact of
proximal or distal enhancers with promoters [51].
An important mechanism for TF activity is epi-
genetic priming, consisting in chromatin reorga-
nizing leading to changes in physical proximity
between distant regulatory regions; these changes
are developmentally modulated [52], and result
in acquired permissive or occluded states propa-
gated through cellular generations, that allow or
forbid transcription activation without persistent

expression of TF [53, 54]. Epigenetic priming
plays an important role in cardiac development
and cardiomyocyte differentiation.
Unfortunately, none of these high-throughput
sequencing methods is capable to identify all
enhancers active in a tissue. He et al. identified
by chromatin immunoprecipitation and high-
throughput sequencing (ChIP-seq) 13 genome
regions co-occupied by a set of cardiac TF
(GATA4, Nkx2.5, Tbx5, SRF, and Mef2A) and
p300; of these, 7 regions regulated cardiac gene
expression, indicating multiple TF occupancy of
a region, a strategy that may lead to identifica-
tion of developmental enhancers distinct from
p300-associated enhancers [55, 196]. Dupays
and Mohun discuss the spatiotemporal regula-
tion of enhancers involved in cardiogenesis,
emerging from wide-scale ChIP-seq experiments
on different preparations, like distinct anatomic
regions of embryonic or adult heart and car-
diac muscle cell lines, outlining a complex and
highly dynamic TF expression in both develop-
ing and mature heart [56]. They highlight the role
of distant enhancers in congenital heart defects
(CHD), by far the most frequent type of birth
defects, affecting around 10% of live newborns,
that result largely from disregulation of cardiac
TF controls. Wamstad et al. present an integrated
view of enhancer dynamics during development,
whereby lineage-specific TF and chromatin regu-
lators coordinate activation of distal enhancers,
providing a tight control of tissue-specific gene
expression programs [57]. In their model, pio-
neer transcription factors (P-TF) bind to enhanc-
ers, opening chromatin and priming the region
for future activation. Subsequently, master TF
responsible for cardiac lineage patterning bind
to the same region, cis-activating transcription
and meanwhile recruiting additional regulators,
such as chromatin-modifying enzymes, archi-
tectural proteins like Mediator or cohesin and
non-coding enhancer RNAs, all of them facili-
tating bridge formation between the enhancer
region and promoters of target tissue-specific
genes. Uosaki et al. analyzed several publicly-
available gene expression databases containing
microarray profiles for different devlopmental
stages (from ealry embryonic to adult hearts),
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identifying maturation stage-specific gene regu-
latory networks that include discrete sets of key
TF and pathways activated or suppressed during
cardiomyocyte maturation [58]. They performed
a principal component analysis of 213 microar-
ray datasets, identifying specific regression lines
for each maturation stage (early-, mid-, and
late-embryonic, neonate, and adult), and studied
variances proportions in each principal compo-
nent. Applying these methods to mouse induced-
pluripotent stem cell-derived cardiomyocytes,
they proved that their maturation corresponds
to a late embryonic stage with inactive peroxi-
some proliferator-activated receptors and active
catenin beta-1. A similar multiple pricipal com-
ponent analysis and gene regulatory network
analysis during mouse cardiogenesis was per-
formed by Parikh et al. as illustrated in Fig. 3.1
[59]. Chen et al. analyzed an equally intriguing
developmental phenomenon, the dedifferentia-
tion of adult mammalian cardiomyocytes to car-
diac progenitor cells during cardiac tissue repair,
combining single-cell transcriptome and whole-
genome DNA methylome data to understand the
intricacies of epigenomic reprogramming for
their in vitro model [60].

3.3 miRNAs in Cardiogenesis,
Angiogenesis, Fibrosis

and Apoptosis

Beyond transcription factors, enhancers and
promoters, non-coding RNAs (ncRNA), and
particularly microRNAs (miRNA or miR) play
important roles in regulation of gene expression
that modulates cardiogenesis and other physio-
logical or pathophysiological processes involving
the heart. This explains the apparent discrepancy
between the small fraction of genome encoding
proteins or transcription-regulating sequences
(approximately 3%) and the fact that at least 75%
of the genome is transcribed [61]. miRNAs rep-
resent short stretches of highly conserved non-
coding RNA, between 18 and 24 nucleotides in
length, that are able to control gene expression
primarily at messenger RNA (mRNA) level. They
are derived from multi-hairpin primary miRNAs
(pri-miRNAs), transcripts of hundreds of KB in

length, that are cleaved by nuclear ribonucleases
like Drosha (a Class 2 ribonuclease III enzyme)
into preliminary miRNAs (pre-miRNAs), hairpins
of 70-100 nucleotides in length. Pre-miRNAs
leave the nucleus and are further processed by
another ribonuclease, Dicer, that cuts the hairpin
loop, leaving a double-stranded miRNA approxi-
mately 22 nucleotides in length. The strand with
less stable 5'-end base pairing is stripped away
and transferred to a transport protein named
Argonaute 2 (Ago2), part of a RNA-induced
silencing complex (RISC). The argonaute protein
within the RISC protects the mature miRNA from
degradation and transports it to the mRNA target,
where it exerts inhibitory effects on translation
mainly by mRNA destabilization due to endonu-
clease function. mRNA targeting can be divergent
(same miRNA acting on multiple mRNA targets),
convergent (several miRNAs acting on the same
mRNA sequence), or combinatorial (several miR-
NAs binding on different regions of the same
mRNA). The total number of miRNA sequences
known to date exceeds 2000, and they regulate
the expression of approximately 30% of the genes
[62]. Although the first miRNAs were discovered
in 1993 in Caenorhabditis elegans [63, 64], their
involvement in pathology was proved in 2002
[65]. Beyond intracellular effects, circulating
miRNAs have been detected in association with
high-density lipoproteins or Ago2 in extravesicu-
lar complexes, or in microparticles, exosomes or
apoptotic bodies [66].

miRNAs exert important roles in cardiomyo-
cyte development and control of proliferation/
apoptosis. A targeted knock-out of Dicerl in
embryonic cardiomyocytes via Cre expression
coupled to Nkx2.5 resulted in double-outlet
right-ventricle defect [67], while under cTnT-
Cre it led to embryonic lethality at E15.5 due
to myocardial wall defects [68], and myocar-
dial inactivation with a MHC-Cre led to dilated
cardiomyopathy [69]. Two miRNAs with key
functions in cardiogenesis are miR-1 and miR-
133, encoded together in a bicistronic unit. In
Drosophila, miR-1 controls the Notchl receptor
[70]. miR-1 inhibits the translation of TF Hand?2,
critical for venticular cardiomyocyte develop-
ment [71], and modulates the insulin-like growth
factor 1 pathway either by direct inhibition of
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Fig. 3.1 (a) Multiple principal component analysis of
microarray gene expression data for TF during mouse car-
diogenesis showing a spatio-temporal landscape; (b) A
putative gene regulatory network containing 80 most dif-
ferentially expressed TF from mouse ESC to embryonic

this factor and its receptor [72], or indirectly
[73]. miR-133 inhibits cyclin D2 and serum
response factor (SRF) [74]. miR-208a, 208b,

day E8.5 (reproduced with permission from Parikh et al.
Signaling Pathways and Gene Regulatory Networks in
Cardiomyocyte Differentiation, Tissue Eng. 2015,
21(4):377-92, ©Mary Ann Liebert Inc)

and 499, encoded in the introns of myosin heavy
chains genes, control the expression of myosin
via several transcriptional repressors and Thrapl.
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miRNAs 17-92 form a cluster that promotes car-
diac differentiation in the secondary heart field;
their mutation leads to early postnatal death by
double-outlet right ventricle and ventricular sep-
tal defects. Their transcription is promoted by
BMP via SMADs. This miRNA cluster acts by
direct repression of cardiac progenitor genes Isl1
and Tbx 1. Upregulation of Isl1 and Tbx1 inhibits
cardiomyocyte differentiation, as encountered in
miRNA 17-92 null embryos or BMP2/4 mutants,
while miRNA 17-92 overexpression downregu-
lates Isll and Tbx1 [75]. The miRNA-15 family
(miR-195, 15a and b, 16 and 497) inhibit cardio-
myocyte proliferation and induce apoptosis by tar-
geting Bcl2 [76]. In addition, miR-15 targets the
ADP-ribosylation factor-like 2, a protective factor
for cardiomyocyte mitochondria. Hence, miR-15
inhibition by locked nucleic acids was shown to
rescue myocardium, reducing the size of infarc-
tion in a mouse model of ischemia/reperfusion
[77]. Similarly, the miRNA 34 family, induced by
myocardial infarction, promotes apoptosis. miR-
34a derepresses the cardio- and vasculoprotective
deacetylase SIRT1 [78], and represses protein
phosphatase 1 regulator (PNUTS), involved in
DNA damage response and telomere shorten-
ing [79]. A miRNA with protective effects at
myocardial level that was found to be upregu-
lated after cardiac stress is miR-214 [80]. miR-
214 has several targets, including cyclophilin D,
Bim, and CaMKIIS. Cyclophilin D modulates the
mitochondrial permeability transition pore (that
opens during Ca?* and oxidative damage-induced
cell death independent of Bcl2 family pathway).
Bim (or Bcl-2-like 11) is also a proapoptotic
protein, member of the Bcl2 family, and Ca**/
calmodulin-dependent protein kinase IId partici-
pates in cardiac hypetrophy. Bim is also targeted
by miR-24, therefore miR-24 overexpression was
able to reduce myocardial infarct size, decrease
cardiomyocyte apoptosis in vitro and in vivo,
and improve cardiac function post-myocardial
infarction [81]. Similar antiapoptotic effects at
cardiomyocyte level were featured by miR-20a
[82]. Many other miRNAs were reported to influ-
ence cardiomyocyte proliferation and apopto-
sis, including miR-17-92, miR-320, miR-199a,
miR-590, miR-98, -128, -142 [83, 84]. miR-320

was shown to induce cardiomyocyte apoptosis
via inhibition of the cardioprotective factor heat
shock protein 20, while miR-98, miR-128, and
miR-142 act by TGF-p repression, directly tar-
geting Tgfbrl mRNA [85]. A complex interplay
of miRNAs occurs in post-ischemia-reperfusion
remodeling and in ischemic pre- and postcon-
ditioning [86-88]. A comprehensive review
emphasizes the protective effects of miR-126,
miR-210, miR-499, and miR-494, the later tar-
geting both pro-apoptotic genes such as SOCS6
(supressor of cytokine signaling 6), PTEN (phos-
phatase and tensin homolog), ROCK1 (Rho-
associated coiled-coil containing protein kinase
1), CaMKIIS (Ca*/calmodulin-dependent pro-
tein kinase II), and antiapoptotic genes like
FGFR2 (fibroblast growth factor receptor 2), LIF
(leukemia inhibitory factor), Api5 (apoptosis
inhibitor 5), IGFIR (insulin-like growth factor 1
receptor), FGF7 (fibroblast growth factor 7), sev-
eral of these genes in both groups acting along
the PI3K/Akt pathway (phosphatidylinositol
3’-kinase/Ak [mouse bred] thymoma or protein
phosphatase B), promoting cell survival [89]. Akt
pathway activation in mesenchymal stem cells
(MSC) upon miR-126 overexpression improves
their paracrine secretion, resulting in enhanced
cell repair after transplantation, but in MSC miR-
126 also controlls the Delta-like 4 Notch ligand,
promoting ischemic angiogenesis [90].

Other miRNAs were shown to modulate
neovascularization after myocardial infarction,
particularly miR-92a, which targets integrin oS5,
preventing endothelial cell apoptosis that is essen-
tial for neovessel formation [91], and represses
several vasculoprotective genes, such as SIRT1
[92]. Many other miRNAs regulate angiogenesis
[93], but their role in neovascularization post-
myocardial infarction has been tested for only a
few of them [62]. Thus, miR-126 and the miR-
17-92 cluster, the expression of which is regulated
by VEGF [94], regulate endothelial cell functions,
miR-296 and -378 control tumor angiogenesis,
miR-143 and -145 control neointima forma-
tion and atherosclerosis. Antagonists of miR-24
(antagomirs) targeting GATA2, regulator of endo-
thelin-1 gene expression, and p21-activated kinase
4, improved revascularization post-myocardial
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infarction [95], and protected against transition
from cardiac hypertrophy to decompensated heart
failure [96]. The miR-15 family was also found to
inhibit angiogenesis after myocardial or hind limb
ischemia [77, 97].

In atherogenic regions, proinflammatory
endothelial cells can be controlled by inhibition
of proinflammatory molecules like vascular cell
adhesion molecule (VCAM-1), E-selectin and
NF-kB by miR-10a, or VCAM-1, ICAM-1, and
E-selectin by miR-126, miR-181, miR-31, and
miR-17-3p [98-100]. Two miRs involved in lipid
metabolism (miR-33 and miR-122) can influ-
ence cholesterol deposition in the atheromatous
plaque [66]. In the arterial intima, LDL uptake
by macrophages and their inflammatory modu-
lation is controlled by miR-155 [101] and miR-
155a-5p [102], while vascular smooth muscle
cell (VSMC) proliferation, marking transition
from fatty streak to fibrous atheroma, is regu-
lated by MMP2 and 9 (matrix metalloproteinase)
expression under the epigenetic control of miR-
29b [103]. miR-145 triggers reversion of transi-
tion of VSMC from a contractile to a secretory
phenotype, therefore VSMC-specific miR-145
overexpression markedly reduced plaque size in
aortic sinuses and increased its collagen contents,
representing a potential treatment for plaque sta-
bilizing and avoidance of plaque rupture [104].

Another exciting field of research is related
to miR involvement in myocardial fibrosis.
miR-21 was shown to exert a pro-fibrotic func-
tion [105], being upregulated after acute myo-
cardial infarction [106], therefore its block by
antagomirs resulted in enhanced cardiac function
[107]. However, miR-21 was also shown to pre-
vent cardiomyocyte cell death induced by exog-
enous hydrogen peroxide [108], pointing to its
antiapoptotic role post-myocardial infarction by
targeting the proapoptotic factor ced4 (cell death
4) and the activator protein 1 pathway [109]. The
miR-29 family also act as antifibrotic factors,
targeting multiple fibrillins, collagens, elastin
[106, 110]; miR-29 expression is reduced post-
myocardial infarction and repressed by cardiac
stressors, e.g. by aortic banding [111]. miR-101
targets the c-fos and TGF-f1 signaling pathways,
being downregulated at 4 weeks after acute myo-

cardial infarction; its overexpression resulted
in inhibition of cardiac fibroblasts proliferation
and collagen secretion [112]. Activation of car-
diac regeneration by enhanced cardiomyocyte
proliferation and fibroblast reprogramming into
functional cardiomyocytes under miR control is
an attractive therapeutic approach in cardiology
[113, 114]. Combined overexpression of several
cardiac transcription factors, including GATA4,
Mef2C, Tbx5, Hand2, resulted in direct fibroblast
reprogramming into cardiomyocytes [115-117].
These pathways could be activated equally well
by a combination of miRs, including miR-1,
miR-133, miR-208, and miR-499, resulting in
direct cardiomyocyte reprogramming of fibro-
blasts [118], similar to miR-induced fibroblast
reprogramming into stem cells [119].

3.4 Cardiomyocyte Morphology

and Ultrastructure

The heart consists of cardiomyocytes (CMC) that
represent a dual contractile/conduction cell popu-
lation system. The myocardium, the muscle of
the heart, consists of a three-dimensional arrange-
ment of columnar CMC:s, or atrial and ventricular
rod-shaped muscle cells (Fig. 3.2a), with one or
two large centrally located nuclei surrounded by
numerous mitochondria. The cytoplasm contains
cross-striated myofibrils, glycogen granules and
lipid droplets. CMCs have special intercalated
disks—with longitudinal and circular arrange-
ment—that ensure a special networking of inter-
digitated connection between cardiomyocytes;
they branch and their processes interdigitate with
neighboring cardiomyocytes. The average dimen-
sions of a mammalian ventricular working car-
diomyocyte correspond to a cylindrical shape
100 pm in length and 22 pm in diameter [120]. It
is estimated that a mature ventricular CMC is
connected to 11 or 12 other CMCs via 11.6 inter-
calated disks on the average [121]. The interca-
lateddiscareacontains(1)gapjunctions—allowing
cellular communication, (2) desmosomes—
ensuring the tight connection between discs
(maculae adherens), and transverse (3) fasciae,
adherent discs. CMCs are surrounded by a basal
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Fig.3.2 (a) Isolation of atrial and ventricular cardiomyo-  SD et al. The human adult cardiomyocyte phenotype,
cytes from fresh human biopsies (magnification 40x). (b)  Cardiovasc Res. 2003, 58(2):423-34, by permission of
CMC from both atrial and ventricular tissues include rod- ~ Oxford University Press)

shaped atrial and ventricular cells (reproduced from Bird



3 Molecular and Cellular Biology of the Right Heart

69

membrane attached to myocytes and forming the
myofibers peripheral to interstitial fibroblasts,
blood vessels and the extracellular matrix with a
capillary network and intercellular junctions.
Each CMC has a bundle of myofibrils divided
longitudinally into contractile units or sarco-
meres, which consist of myofilaments of contrac-
tile proteins including actin and myosin [122].
The ultrastructure of a sarcomere was revealed
mainly via transmission electron microscopy
studies. The sarcomere is defined as the contrac-
tile myofilaments unit between two Z membranes
(Z derives from the German term
“Zwischenscheibe”), complex cytoskeletal pro-
teins scaffolds that connect the ends of thin
(actin) filaments (Fig. 3.2b). The fibrillary actin
filaments emerging from the two Z membranes of
a sarcomere are intertwinned with thick myosin
filaments, the centers of which form the so-called
M line (from the German “Mittelscheibe’) at the
center of the H zone (from the German term
“helle”—Ilight), the central light region, contain-
ing only myosin, of the anisotropic (A) or dark
band of the sarcomere. The A band itself (except
for the H zone) is composed of two areas of inter-
twinning between myosin and actin, while the
adjacent isotropic (I) bands, crossed at the center
by Z membranes, are formed only of actin fila-
ments. In the dark regions of the A band the S1
heavy meromyosin heads (a meromyosin mole-
cule resembles a golf cross or a musical note,
with a heavy meromyosin—HMM—head, and a
light meromyosin—LMM—tail; HMM and
LMM fragments are the result of trypsin diges-
tion) form crossbridges with actin, and during
contraction hydrolysis of ATP bound to a specific
site on the HMM head produces a conformational
change with bending of the molecule head, that
represents the contractile force-generating event.
Subsequent to ATP hydrolysis and bending the
affinity of the HMM head for actin decreases, the
head unbinds from actin, binds a new ATP mole-
cule, and resumes its initial conformation, restart-
ing the cycle. The signal for contraction initiation
is represented by an increase in intracellular cal-
cium concentration that results in unmasking of
myosin binding sites on actin filaments (double-
helical filaments formed by monomeric globular

or G-actin) that were previously masked by
tropomyosin. Tropomyosin is removed from
these myosin-binding sites and unmasks them
under the action of trimeric troponin molecules.
The 3 troponin subunits are T (required for
anchoring on actin), C (containing 4 calcium
binding sites represented by EF-hand motifs),
and I (required for anchoring on tropomyosin).
Apart from actin and myosin filaments, described
in the classical microscopy studies of Hugh
Huxley [123], the sarcomere contains ultrathin
filaments of titin and nebulin. Electron micros-
copy studies on the conserved relative position of
ultrathin N lines within I bands during muscle
fiber contraction performed by Eremia in the
1980s [124] led to a proposed complex intert-
winned architecture whereby ultrathin nebulin N
filaments anchored with one end on a Z mem-
brane connect with actin filaments emerging
from the opposite Z membrane of the sarcomere,
while ultrathin titin filaments anchor myosin
bundles to the Z membranes. This architecture
would explain perfect intertwinning between
actin and myosin filaments even during muscle
fiber recovery from an extreme stretch [125],
when the dark bands of intertwinning between
actin and myosin disappear completely. In addi-
tion to this ordering role, ultrathin filaments may
contribute to contractile strength upon ATP
hydrolysis in the actin-myosin crossbridge-
forming region [126, 127]. The molecular com-
ponents of the Z membrane are attached to the
extracellular matrix via structural proteins form-
ing a costamere (Fig. 3.3d, e). The structure and
arrangement of myofibrils and sarcomeres in
CMC is similar with those of striated muscle
fibers. CMC cultures show a high level of
a-sarcomeric actin, and the electron microscopy
of CMC illustrates the abundance of mitochon-
dria and well-organized sarcomeric structures
[128, 129]. The mitochondrial compartment
occupies 26% of the total cell volume for an aver-
age ventricular CMC [130]. Atrial CMC are able
to reduce water, sodium and adipose loads on the
circulatory system, and thereby lower the blood
pressure by producing atrial natriuretic peptides
with vasodilator role. Another important struc-
ture for excitation-contraction coupling in CMC
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¢ Myocardium

Fig. 3.3 (a) Myocardial fiber orientation in right and left
ventricle obtained from diffusion tensor MRI of a pig
heart; (b) Helicoidal arrangement of bundled myofibers
around the ventricles—simplified tractography with color
scheme representing fiber orientations (reproduced with
permission from Poveda F, Gil D, Marti E, Andaluz A,
Ballester M, Carreras F. Helical Structure of the Cardiac
Ventricular Anatomy Assessed by Diffusion Tensor
Magnetic Resonance Imaging With Multiresolution
Tractography. Rev Esp Cardiol. 2013;66(10):782-790.
Copyright ©2013 Sociedad Espafiola de Cardiologia.
Published by Elsevier Espaifia, S.L. All rights reserved.)

is represented by diads, formed by junction
between t tubules, protruding from the cell mem-
brane deep inside the myoplasm, and sarcoplas-
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[157] (¢) The myocardial fibers contribute to the direc-
tional contraction; they are arranged parallel with the long
axis of the myocardium, and are separated from adjacent
laminae by an extracellular collagen network; (d)
Confocal microscopy image of a cardiomyocyte, with
fluorescent markers for F-actin (green) and o-actinin
(red); (e) Cardiac myofibril ultrastructure, with costamere
integrins attaching the Z membranes to the extracellular
matrix (reprinted from Adv Drug Deliv Rev. Vol. 96,
Capulli et al. Fibrous scaffolds for building hearts and
heart parts, 83—102, [158], © 2016, with permission from
Elsevier)

mic reticulum (SR) cisternae, constituting an
internal calcium store. In turn, t(transverse)
tubules are formed by longitudinal coalescence
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of caveolae, the hairpin protein caveolin playing
an important role in imposing membrane curva-
ture to these cellular subdomains [131, 132].
Cardiac t tubules, present only in mammalian
myocardium and absent in other vertebrates, fea-
ture larger diameters (100-300 nm) compared to
skeletal muscle t tubules (20—40 nm), and form a
complex network with transverse and longitudi-
nal (axial) components, the extension of which is
proportional to the heart rate of a particular spe-
cies [133]. Key signaling processes occur in the
narrow diadic subspace between t tubules and SR
cisternae during depolarization: the wave of
depolarization propagated through the tubules
from the cell membrane activates L-type Ca*
channels (better known as dihydropyridine recep-
tors—DHPR), opening them and triggering local
increases in calcium concentration that activate
much larger Ca’* releases from the SR via ryano-
dine receptors (mainly RyR2 in myocardium),
leading to a phenomenon known as ‘“calcium
sparks” [134—-137]. In myocardium RyR activa-
tion occurs via local calcium concentration
increase, while in skeletal muscle via direct
mechanical coupling between DHPR and RyR
channels (mainly RyR1). This peculiar type of
calcium-activated calcium release that occurs in
the diadic subspace, featuring a complex modula-
tion, results in systolic transient increases in cal-
cium concentration up to tens of micromol/liter,
much larger than in the bulk myoplasm [138—
140]. This calcium overload requires large densi-
ties of calcium reuptake transporters such as Na*/
Ca?* exchangers (NCX) or sarcoendoplasmic
reticulum Ca? pumps (SERCA) in the junctional
SR compared to NCX or plasmalemmal Ca’**
pumps (PMCA) densities on the cell membrane
[141]. In fact several ion channels and transport-
ers show a preferential location on t tubules
(DHPR, cardiac inward-rectifying K* channels
contributing I, current) [141, 142] or junctional
SR. An interesting phenomenon, from a thera-
peutic point of view, is the modulation of Ca*
release and reuptake in the diadic subspace by
Bl-adrenergic receptors and M2 cholinergic
receptors on the cell membrane, via adenylate
cyclase—protein kinase A (PKA) activation and
inhibition, respectively, resulting in phosphoryla-
tion changes of DHPR, RyR channels, and phos-

pholamban, which in turn modulates SERCA
pumps [141], resulting in direct modulation of
the myocardial contractile force. The SR com-
partment of a cardiomyocyte occupies on average
7% of the cell volume [120, 143, 144]. Another
interesting phenomenon with clinical conse-
quences that has revived recently the interest in
studying the transverse-axial t tubule system is
loss and disorganization of t tubules in heart fail-
ure, dilated and hypertrophic cardiomyopathies
[133], as well as sheet-like remodeling of trans-
verse t tubule system in heart failure, which hin-
ders functional recovery in response to
mechanical unloading by left ventricular assist
devices (LVAD) [145].

3.4.1 The Human Adult CMC
Phenotype Based on Cell

Morphology

CMC morphology was assessed with phase
contrast microscopy and indirect immunocyto-
chemistry. Bird et al. described that after isola-
tion procedures, CMC provided a sub-population
of rod-shaped atrial and ventricular myocytes
that had sharply defined edges and distinctive
sarcomeric bands (Fig. 3.2a, b). Rod-shaped
cells showed sarcomeric proteins including
a-actinin and light chain myosin filaments [146].
CMC shape is an indicator of internal orga-
nization and has functional consequences for
excitation-contraction coupling, specifically for
conduction velocity [147].

Viable adult cardiac myocytes cultured on
plastic substrates exhibited after plating a par-
tial or complete loss of sarcomeric structure,
although widespread amorphous staining of sar-
comeric markers including o -actinin, protein
that stained for a-actinin and light chain myosin
filaments and tropomyosin, was evident. Cell
edges became rounded and remaining sarcomeres
appeared disorganized. After 2—-3 weeks of cell
culture, the same group described that ventricu-
lar myocytes adopted two broad but slightly dis-
tinct flat cell morphologies. The first CMC-type
(Type I) was characterized by flattened spread
morphology and extended lamellipodia consisted
of beaded stress-like fibers or nascent myofibrils
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organized in parallel arrays. The second cell type
(Type II) had well-formed sarcomeres radiating
in a uniform direction and converging at the cell
edges [146]. Hans Michael Piper et al. provided
an original method for preserving cylindrical
shape and myofibrillary contractile apparatus
of dissociated cardiomyocytes during long-term
cultures [148].

As in vitro models, isolated organs and pri-
mary cells from rodents have been the standard
in myocardial and CMC research—the animal
model most extensively investigated—bet-
ter models are missing so far. Morphological
and functional characterization underlines that
these models might become a valuable tool for
research on the morphology and ultrastructure
mechanisms of normal and pathological CMC
for future therapies in human medicine. Thus,
CMC transplantation may prove to be an impor-
tant addition to the armamentarium against
myocardial heart diseases. Transplantation of
cardiomyocytes stimulated with vascular endo-
thelial growth factor (VEGF) induces angiogenic
processes or myogenic properties that improve
post-infarction heart function [149].

Cardiomyocytes, the working muscle cells of
the heart, are terminally differentiated cells in the
adult organism with limited regeneration pos-
sibilities. Therefore, ischemia and cardio-toxic
compounds can lead to cell death or to an irre-
versible decline of cardiac function. According
to the dogma postulated by Anversa and Kajstura
[150], the number of muscle cells in the mamma-
lian heart is defined at birth, and in the absence of
cardiac disease, these myocytes persist through-
out the life of an individual or animal. The inevi-
table implication of the dogma is that myocytes
are immortal [150]. Actually, myocyte death
occurs with aging, but the essential growing and
differentiation processes start in the prenatal
period: myocyte mitotic division and structural
differentiation of the myocyte cytoplasm, involv-
ing the synthesis and organization of myofibrils
and other cytoplasmic components occurs before
birth [151, 152]. The expansion of cardiac mass
postnatally is accomplished by increases in myo-
cyte size and number [153, 154].

The recognition that the heart is a self-
renewing organ offers novel approaches for the
treatment of cardiac diseases. The discovery that
CMC can be isolated from small cardiac biopsy
specimens and can be expanded in vitro for sub-
sequent clinical use or autologous CMC trans-
plants may enable the reconstitution of dead or
scarred myocardium. Moreover, the replacement
of poorly functional or hypertrophied myocytes
of the severely decompensated heart with new,
younger, more powerful muscle cells may posi-
tively interfere with the onset of terminal heart
failure and death [155].

The group of Beltrami et al. [156] challenges
the dogma that the heart is a postmitotic organ.
Myocyte proliferation may be a component of the
growth reserve of the human heart; this mecha-
nism could replace damaged myocardium. The
presence of cell division in the nondiseased part
of the heart suggests a continuous turnover of
cells during the lifespan of the organism. The
belief that myocardial infarction constitutes the
most obvious demonstration of the incapacity of
ventricular myocytes to replicate must be recon-
sidered [156].

3.4.2 CMC Proliferation Capacity

During development, the proliferative capacity of
CMC decreases, so that postnatally they reach a
limited capacity to proliferate (~0.5% per year)
[159]. A non-proliferative phenotype is consid-
ered an indication of terminal differentiation.
As CMC transition to a non-proliferative state,
many CMC become binucleated, and the pro-
portion of such binucleated cells in the heart is
~25% at birth and remains consistent through
to adulthood [159]. Gutstein et al. [160] inves-
tigated whether the major cardiac gap junction
protein connexin43 may be responsible for regu-
lating adherens junctions, desmosomes and their
associated catenins, in terms of abundance and
localization at the intercalated discs of cardiomy-
ocytes. The study provides direct evidence that
cell adhesion junctions in the heart, comprised of
adherens junctions and desmosomes, as well as
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their associated catenins and vinculin, are orga-
nized independently of the gap junctions. In the
absence of connexin43, as detected by immunob-
lotting and immunofluorescence, and the con-
sequent lack of gap junctions, the localization,
abundance and morphology of adherens junc-
tions and desmosomes at the intercalated disc
remained unchanged. Furthermore, the localiza-
tion of catenins associated with the intercalated
disc junctions was unchanged, suggesting that
decreases in connexind3 expression may not
directly influence catenin-dependent signaling.
In addition, structural proteins associated with
the intercalated disc junctions and vinculin are
also unchanged in their distribution despite the
loss of connexin43. The results of this study sug-
gest that the gap junction is not necessary for the
organization of the cell adhesion junctions and
associated proteins in the cardiac intercalated
disc. The authors have demonstrated normal cell
adhesion junction distribution and morphology in
the absence of gap junctions. However, for opti-
mal effect, transplanted cardiomyocytes must be
integrated electrically as well as mechanically
into the recipient heart [160].

A still widely used method to test the spon-
taneous, unrestricted differentiation capacity
of human pluripotent stem cell lines into CMC
was published by Kehat et al. [3], showing the
induction of beating cells in embryoid bodies
(pluripotent stem cell aggregates primed for differ-
entiation) in 20% fetal-calf-serum-supplemented
differentiation medium [3]. However, transla-
tion of respective protocols to routine large-scale
production of CMC is hampered by high costs
of recombinant growth factors supplementa-
tion. These high costs, as well as the need for
chemically defined and thus GMP-compliant
conditions, have spurred the search for alterna-
tives [161]. To more comprehensively quantify
CMC content at typical differentiation endpoints
between days 7-14 in vitro, the flow cytometry
analysis of specific sarcomeric markers such as
cardiac troponin, sarcomeric actinin and myosin
heavy chain is generally accepted as cardiac dif-
ferentiation standard [162]. Functional charac-
teristics of human pluripotent stem cell-derived

CMC include altered Ca** handling, low Ca’**
buffering capacity, low beat rates (~40 BPM),
immature sarcoplasmic reticulum and action
potential characteristics, abnormal levels of ion
currents, negative force-frequency relationships,
and abnormal expression of sarcoplasmic reticu-
lum proteins, all indicative of a fetal phenotype,
but with physiological contractile function [163].
Kotov et al. [164] demonstrate that in healthy
Wistar rats aging is related to changes in myocar-
dial morphology. Age-related remodeling of the
cardiac wall is related to cardiomyocyte hyper-
trophy and interstitial fibrosis. In physiological
conditions, the bundles of CMCs are enveloped
by thin layers of perimysium and endomysium.
In the aging myocardium, transformation of the
fibroblasts into myofibroblasts and accumulation
of extracellular matrix proteins in the intersti-
tial space are observed. The authors of the study
noted that collagen content increases as aging
progresses, collagen fibers become thicker and
acquire a complex spiral shape; this phenomenon
became more pronounced, as aging progressed,
in the myocardium of the left ventricle, which
was attributed to the higher afterload exerted on
the left ventricle and consequently, to the higher
degree of injury suffered by the ventricle with
progression to senescence. The spatial disposi-
tion of cardiac fiber bundles in the two ventricles
and texture of collagen extracellular matrix are
shown in Fig. 3.3a—c. In conclusion, aging of the
myocardium is a dynamic process which involves
progressive loss of cardiomyocytes due to necro-
sis and apoptosis, interstitial fibrosis and reactive
hypertrophy of the remaining vital cardiomyo-
cytes [164]. Kuzmicic et al. [167] reported in
an electron microscopy study the evidence of a
mitochondrial dynamic network, organized and
interconnected in package structures arranged
along the myofibrils in neonate cardiac myo-
cytes, and extended throughout the cytoplasm,
distributed differently than in adults, with a mor-
phology more reminiscent of that observed in
other noncardiac cells [165-167].

The group of Burlacu et al. (2008) [128]
designed experiments to test the effect of 5-aza-
cytidine on bone marrow stem cells in culture
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to commit myogenic differentiation; the signifi-
cant increase in the number of cells expressing
a-sarcomeric actinin suggested enhanced myo-
genic differentiation. The capability of these cells
to express cardiomyogenic markers was indica-
tive of enhanced cell differentiation towards
a neonatal cardiac muscle phenotype induced
by 5-azacytidine. The appearance of myogenic
markers seems to be independent of 5-azacyti-
dine, but is enhanced by this agent, suggesting
that 5-azacytidine promotes rather than induces
the myogenic differentiation of bone marrow
progenitors [128]. Examination of treated and

untreated bone marrow stem cells (BMSC) by
electron microscopy revealed that 5-azacytidine
exposure induced an increase in the cytoskeleton
elements and the appearance of parallel intracel-
lular filaments with intercalated mitochondria
(Fig. 3.4a, b), somewhat reminiscent of the struc-
ture of CMC (Fig. 3.4b, d). Even in the absence
of sarcomeric organization, the presence of
orderly arranged filaments was observed only in
5-azacytidine-treated BMSC. All these features
were not found in untreated cultured BMSC that
retained their initial morphology, whereas some
cells exhibited numerous vacuoles (Fig. 3.4b, c).

Fig.3.4 Cardiomyocyte differentiation of BMSC in vitro
induced by 5-azacytidine. (a) Stro-1 expression in BMSC
at 21 days in vitro (d.i.v.) evidenced by immunofluores-
cence and flow cytometry in control cultures (70% Stro-1-
positive cells, left panel) vs. 5-azacytidine-treated culture
(no Stro-1-positive cells, right panel). (b) Transmission
electron microscopy studies of BMSC at 21 d.i.v. a, b.
Sarcomere-like parallel bands with intercalated mitochon-
dria induced by 5-azacytidine treatment. ¢. This pattern
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was absent in control BMSC, which presented instead
cytoplasmic vacuoles. d. For comparison, normal sarco-
mere pattern in neonatal cardiomyocytes. (¢) Increase in
cytosolic free calcium induced by 5-azacytidine treat-
ment, evidenced by Fura-2-AM ratiometric calcium fluo-
rimetry (reprinted from Eur J Cell Biol. Vol. 87(3),
Burlacu A, et al. Promoting effect of 5-azacytidine on the
myogenic differentiation of bone marrow stromal cells,
173-84, ©2008, with permission from Elsevier)
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Freshly isolated adult ventricular CMCs were
studied by Liu [168]. However, these CMCs
reached a plateau after 4 weeks in culture con-
comitantly with continuous increase in struc-
tural remodeling in long-term cultures. Temporal
changes occurred in the morphology of single
CMC in gridded long-culture dishes. In a cul-
ture with relatively high cell density, attached
CMCs were rounded or maintained their origi-
nal rod shape, and in the first couple of weeks
in culture adult ventricular CMCs were able to
stretch the cell body with filopodia over 100 pm
in length and underwent spontaneous changes in
shape, characterized as possible remodeling or
transformation processes. CMCs in culture over
17-19 weeks still displayed high capacity of
remodeling by stretching filopodia longitudinally
concomitant with nuclear relocation ~200 pm
from day 149 to day 182 [168].

3.5 Regulatory Molecular
Mechanisms and Pathways

in Hypertrophy and Fibrosis

Heart failure (HF) represents a complex clini-
cal syndrome that emerges as common compli-
cation and endpoint of several cardiovascular
diseases, such as ischemic heart disease, particu-
larly myocardial infarction, left ventricular (LV)
or right ventricular (RV) pressure overload as a
consequence of systemic/pulmonary hyperten-
sion, vavulopathies, other cardiovascular mal-
formations (atrial/ventricular septal defects,
aortic stenosis, etc.), hypertrophic, restrictive or
dilated cardiomyopathies, pericarditis, etc. As
a paradoxical consequence of increases in life
expectancy resulting from progress in medicine
and cure of life-threatening diseases, HF became
the most common reason for hospitalization in
elderly patients, with mortality and hospitaliza-
tion rates 90 days after hospitalization for HF
reaching 15% and 30%, respectively [169]. The
lifetime risk of developing congestive heart fail-
ure amounts to 1 in 5 individuals, according to
the Framingham Heart Study, while the aver-
age rate of 5-year survival is around 50%, even
under maximal standard treatment with com-

pounds such as angiotensin converting enzyme
(ACE) inhibitors, angiotensin receptor block-
ers, diuretics, p-adrenergic blockers (in milder
cases), cardiotonic glycosides (in fact the first
modern treatment, beyond bleeding, introduced
by William Withering at the end of the eigh-
teenth century). Therefore there is an imperative
demand to discover novel therapies and trans-
late them to clinical application. Neurohumoral
imbalances play an important role in the patho-
physiology of HF, including increased plasma
levels of catecholamines, angiotensin II, aldo-
sterone, endothelin (ET), vasopressin, natriuretic
peptides, growth factors and inhibitory cytokines,
therefore the potential therapeutic usefulness of
endothelin A (ET-A) receptor antagonists (e.g.
BQ-123), non-selective ET receptor antagonists
(e.g. bosentan), as well as vasopressin receptors
non-selective antagonists (e.g. conivaptan) or
vasopressin V2 receptor antagonists (e.g. tolvap-
tan) in congestive HF [170]. A recent study iden-
tified 12 elements connected to the nitric oxide
(NO)/peroxynitrite (ONOO~) cycle, including
oxidative stress, NO, superoxide (O,), NF-kB,
inflammatory cytokines, iNOS (inducible nitric
oxide synthase), mitochondrial dysfunction,
NMDA (N-methil p-aspartate glutamate recep-
tors) activity, intracellular Ca**, TRP (transient
receptor potential) channels, and tetrahydrobiop-
terin depletion, all of them having causal roles
in HF, plus two other factors, the small GTPase
Rho-actin (RhoA) and ET-1, acting as tissue-
limited cycle elements, claiming that the NO/
ONOO™ cycle may be the central cause of HF
[171]. Another study identifies the myocardial
extracellular matrix (ECM) expansion (myocar-
dial fibrosis) as an important component of HF,
contributing, beyond impairment of ventricular
systolic function, to a relaxation deficit (impaired
ventricular diastolic function) [169]. More than
two decades ago, Karl Weber coined the concept
of “interstitial heart disease”, characterized by
ECM expansion resulting from excess collagen
secretion, recognizing that the myocytes and
interstitial compartments of the myocardium are
regulated independently, and that activated fibro-
blasts compartment and subsequent ECM expan-
sion play a central role in the pathophysiology of
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HF and ventricular hypertrophy. A large variety
of biomarkers have been proposed for this restric-
tive ventricular dysfunction, including ECM
metabolism modulators, matrix metalloproteases
(MMPs), cytokines/chemokines/matrikines, and
novel therapies addressing this target are under
evaluation [172]; a good example is serelaxin,
known to reverse myocardial ECM expansion
and fibrosis.

TRP channels belonging to the classical
or canonical subfamily (TRPC channels) are
involved in two types of regulatory responses,
playing a role in intracellular Ca’>* homeostasis:
store-operated Ca?* entry (SOCE) and receptor-
operated Ca** entry (ROCE). In 1986, Putney first
postulated the existence of store-operated Ca®*
channels (SOCC), starting from the observation
that depletion of intracellular Ca?* stores caused
subsequent Ca’* influx into the cells [173]. Hoth
and Penner described a calcium current in mast
cells, activated by depletion of intracellular cal-
cium stores, Icgac (calcium release-activated
calcium current) [174]. The current is carried
by very low conductance highly Ca**-selective
channels named ORAII, the opening of which
is regulated by STIM1, a protein located in the
endoplasmic reticulum membrane and signal-
ing Ca®* concentration within this intracellular
store. Recent studies [175, 176] propose that
SOCE channels are heteromeric complexes of
TRPC and ORAI subunits associated to lipid
rafts, based on experiments showing that expres-
sion of ORAII in cells stably overexpressing
TRPC3 or TRPC6 increased SOCE and that
SOCE-enhancing levels of ORAIl “silence”
spontaneous activity of stably overexpressed
TRPC3. In contrast to SOCE and Icgac, Gd**-
sensitive ROCE mediated by TRPC3, TRPC6
or TRPC7 represents Ca* entry through TRPCs
as well as SOCE/Igac channels activated sec-
ondary to the stimulation of a receptor-Gg -
phospholipase C (PLC) signaling pathway, by
generated diacylglycerol (DAG), a molecule that
activates TRPC3/6/7 but not TRPC1/4/5. Other
studies [177, 178] have shown that, in contrast
to ORALI, several TRPC channels (1, 2, 4 and
5) are regulated by STIMI1 via an electrostatic
interaction involving residues 672-685, which

explains the role of TRPC1/4 subunits within
heteromeric channels in regulating STIMI-
independent TRPC3/6 subunits. When expressed
at high level, these channels can also function in
a STIM1-independent mode.

Several studies have linked increased TRPC
channel activity to cardiac hypertrophy and
heart failure. Seth et al. have shown that cardiac
pressure overload by transverse aortic constric-
tion or chronic angiotensin infusion upregu-
lates a TRPC-like nonselective cation current
in cardiomyocytes [179], while protection to
hemodynamic stress and neurohormonal excess
is conferred in TRPC1-/- mice or upon using
the selective TRPC3 inhibitor Pyr3 [180] by
altered mechanosensitive signaling through cal-
cineurin/NFAT, mTOR and Akt (calcineurin is
also known as protein phosphatase 2b—PP2B).
Overexpression of TRPC3 or 6 was shown to
induce cardiac hypertrophy through calcineurin/
NFAT signaling in transgenic mice [181, 182].
Moreover, Wu et al. used myocytes from hyper-
trophied hearts of TRPC3/4/6 dominant-negative
(dn) mice to show that they lack a unique store-
depletion-operated Ca** influx, which is normally
present in cells from wild-type animals. TRPC4
dn inhibited the activity of TRPC3/6/7 in the
heart, suggesting that these two types of TRPCs
function in coordinated complexes. By double
immunofluorescent staining they demonstrated
a colocalization of TRPC3 with the Na*/Ca**
exchanger NCX1 in dnTRPC3 cardiomyocytes
[183]. Another study performed on cardiomyo-
cytes from insulin-resistant obese ob/ob mice
[184] showed that insulin fails to potentiate
TRPC3 currents in this setting, in contrast to the
situation in normal animals. Other anilino-thia-
zole compounds related to Pyr3 (compounds 14
and 19 in [185]) exert strong potency for TRPC3
and C6 block (in the low nanomolar range), being
selective against other TRP channels (TRPAL,
V1, V4) as well as against cardiac ion channels
(Cavl.2, hERG, Navl.5).

Calcineurin activation is sufficient to mediate
cardiac hypertrophy and progressive heart fail-
ure, by dephosphorylation of nuclear factor of
the activated T cell (NFAT) family that promotes
transcription of multiple hypertrophy genes. This
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pathway was first demonstrated in lymphocytes.
Interestingly, TRPC1, C3 and C6 genes have
conserved NFAT consensus sites in the promoter,
resulting in cardiac hypertrophy upon a posi-
tive feedback cycle with sustained Ca’* entry.
Promoter regions of multiple hypertrophy genes,
such as brain natriuretic peptide (BNP), B-MHC
(myosin heavy chain), RCANI (regulator of cal-
cineurin 1) contain multiple regulatory binding
sites (MCAT, GATA, NFAT), resulting in direct
activation via NFAT or GATA-binding proteins
[186]. Figure 3.5 shows initiation of myocardial
hypertrophy by multiple membrane receptors and
signaling pathways via the common calcineurin/
NFAT pathway [187].

Another study stressed the importance of
class T and II histone deacetylases (HDACS),
regulated by a transcriptional repressor, neuron-
restrictive silencer factor (NRSF, also known
as repressor element 1 (RE1) silencig factor—
REST), in expression of multiple fetal cardiac
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Fig. 3.5 Multiple activation mechanisms of calcineurin/
NFAT pathway in cardiac hypertrophy and HF. ROC
receptor-operated channel, SAC stretch-activated channel,
SOC store-operated channel, NO nitric oxide, ANP/BNP
atrial/brain natriuretic peptide, AnglI angiotensin II, E7-/
endothelin 1, car catecholamines, DAG diacylglycerol,
PLC phospholipase C, LTCC L-type Ca** channel, GCs
soluble guanylate cyclases, GCp particulate guanylate

genes. TRPC6 plays a key role in this regula-
tion via the calcineurin/NFAT pathway, as well
as myocardin-related transcription factor A
(MRTEF-A), a co-activator of serum response fac-
tor (SRF), mediating prohypertrophic signaling
by linking RhoA to cardiac gene transcription
[188]. Fibroblast proliferation and conversion
to myofibroblast are also regulated by the SRF/
MRTF and Smad/NFAT pathways, stressing the
importance of TRPC channels in myocardial
fibrosis, a major risk factor for cardiac arrhyth-
mias and HF [189]; some of these pathways are
shown in Fig. 3.6.

Another hallmark feature of HF is altered
intracellular Ca** handling, contributing to
impaired contractility. This is a result of SERCA
downregulation combined with upregulation of
NCX, TRPC4, C5 and C6. In addition, myo-
cardial apoptosis brings an important contribu-
tion to HF in both experimental animal models
and humans. Apoptosis is triggered by oxidative

SAC

stretch

Nucleus

cyclases, PKG protein kinase G, SR sarcoplasmic reticu-
lum, SERCA sarcoendoplasmic reticulum calcium pump,
NFAT nuclear factor of activated T cells, f-MHC p-myosin
heavy chain (reproduced from Eder P & Molkentin JD:
TRPC channels as effectors of cardiac hypertrophy, Circ
Res. 2011, 108(2):265-72, with permission of Wolters
Kluwer)
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stress, pro-inflammatory cytokines, catechol-
amines and angiotensin II, intracellular Ca”
elevation playing a central role. Two channels
are linked to myocardial apoptosis: the NAD*/
ADP ribose/poly (ADP ribose) polymerase
(PARP)-dependent TRPM2 channels that induce
Na* and Ca** overload, leading to mitochondrial
membrane disruption, cytochrome c release, and
caspase 3-dependent chromatin fragmentation, as
well as TRPC7 channels, related to angiotensin 1
activation [190].

Extensive molecular studies failed to identify
a unique pattern of miRNA changes in HF. In
acute HF, the only miRNA featuring consis-
tent changes is miR-499, which is significantly
(~twofold) elevated [191]. In non-ischemic sys-
tolic HF several miRNAs are elevated in corre-
lation with BNP, such as miR-200b, miR-519e,
miR-520d, miR-622, miR-1228 and miR-1231
[192]. miR-423-5p and miR-133 are also ele-
vated, but they are not correlated with BNP levels

control of cardiac fibroblast plasticity, 52-60, ©2016,
with permission from Elsevier)

or cardiac remodelling [193]. Of twelve miRNAs
with elevated circulating levels in hypertrophic
cardiomyopathy, only three showed consistent
correlation with cardiac hypetrophy: miR-27a,
miR-29a, and miR-199a, and only the second
one of these three was also correlated with myo-
cardial fibrosis. A number of miRs regulate
cardiomyocyte hypertrophy (miR 21, 133, 150,
195, 214), while the miR-29 family and miR-21
regulate myocardial fibrosis [89] (see Sect. 3.3).
miR-208a, regulated during cardiac hypertro-
phy, is encoded in an a-MHC intron, and can be
modulated by a protein interacting with thyroid
hormone receptor [194], while miR-1 and miR-
133—encoded together in a bicistronic unit - are
inversely related to cardiac hypertrophy [195].

A special emphasis has been placed on the
roles of miR1/133, deemed to exert protective
effects, downregulated by ischemia/reperfusion
and upregulated by ischemic postcondition-
ing [55, 196]. However, the two miRs produce
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opposite effects in vitro on apoptosis induced
by H,O,: while miR133 downregulates Caspase
9, miR1 downregulates multiple antiapoptosis
genes, such as Hsp60, Hsp70, IGF-1 and Bcl2
[89]. Recent studies identified the presence of a
cAMP response element (CRE) sequence in the
miR1/133a promoter region; in addition, CRE
modulator (CREM) is a target of miR1 that acts
as a regulator of CRE-binding protein (CREB)
signaling, both proteins being activated by
B-adrenergic signaling and competing for binding
to CRE in gene promoters, which may explain
the antiapoptotic effects of B-blockers [197]. The
same miRs (miR1 in particular) enhance /,, by
repressing Iroquois homebox domain 5 (IRXS),
a transcriptional inhibitor of Kv4.2. In addition,
miR133a enhances expression of KChIP2, the
auxiliary subunit of Kv4.x channels contributing
to Iy rase [198]. Other presumed effects of miR133
upregulation include suppression of embryonic
cardiomyocytes proliferation, prevention of
genetic cardiac hypertrophy, inhibition of apop-
tosis, repression of HCN2 and hERG expression,
and decrease in connective tissue growth factor
expression. In HF both miR1 and 133a are dra-
matically reduced, explaining a main component
of electrical remodeling. Therapeutic overex-
pression of miR133 has been proposed to prevent
cardiac remodeling. Since both the calcineurin/
NFAT pathway and miR-133 have been shown
to play critical roles in cardiac hypertrophy, a
relationship between them was postulated by
Dong et al. [199]. These authors proved that cal-
cineurin is a target of miR-133 via posttranscrip-
tional repression, and expression of miR-133 is
decreased by the calcineurin/NFAT pathway,
providing a frame to understanding progressive
cardiac hypertrophy [199].

Molecular Peculiarities
of Right Ventricle
Cardiomyocytes

3.6

Differences between right and left heart appear
early during embryonic development. Cardiac
progenitor cells appear early during gastrulation
in the anterior lateral plate mesoderm: they are

organised in a primary heart field (or first heart
field), originating in the anterior splanchnic
mesoderm, that form the cardiac crescent and
then the early heart tube, eventually giving rise to
the left ventricle and parts of the atrial chambers,
and a secondary heart field, joining the heart tube
to its arterial and venous edges from the phar-
ingeal mesoderm and dorsal mesocardium, and
giving rise to the main parts of the atrial tissue,
right ventricle, and the outflow tract. The primor-
dia of valves and septa derive from endocardial
cushions formed by epithelial-to-mesenchymal
transition of overlying myocardium, and later
differentiate into valvular and septal structures.
Neural crest cells migrated through pharyngeal
arches from mid-otic placodes and caudal limit
of somite 3 join the endocardial cushions to form
the aortico-pulmonary (spiral) septum, smooth
muscle cells of pharyngeal arteries and interstitial
cells of semilunar valves, while epicardial cells
derive from the proepicardium organ located near
the sinus venosum in embryonic heart.

It is thought that left-right asymmetry of the
embryo arises from a leftward extracellular flow
of yolk sac fluid produced by rotation of left-
right-dynein-containing monocilia on the ven-
tral surface of the embryonic node, and detected
by TRPP2 ion channels (belonging to another
TRP subfamily, the polycystins) located in flow-
sensing nodal cilia at the left margin of the node
(as well as primary renal cilia), and their activa-
tion leads to asymmetrical Ca* inflow resulting
into oriented differentiation ([200] reviewed by
[201, 202]). Thus, TRPP2 knockout mice feature
randomization of heart looping and embryonic
turning, right pulmonary isomerism and abdomi-
nal situs [203], while in other studies TRPP1 or
TRPP2 double knockout mice died in utero with
cardiac septal defects and cyst formation in neph-
rons and pancreatic ducts [204, 205]. An inter-
esting hypothesis is that, prior to primitive node
formation, differential ion channel activity in
embryo cells gives rise to unidirectional mRNA
flow through gap junctions, resulting in asym-
metrical gene expression. An important insight
into cardiac asymmetry was obtained recently
by Koshiba-Takeuchi and Bruneau by study-
ing differences in transcription factors expres-



80

B. Amuzescu and H. Maniu

sion among different animal species. During
phylogenetic evolution of vertebrates, fish have
bicameral hearts composed of one atrium and
one ventricle, amphibians have tricameral hearts
composed of two atria and a common ventricle,
lower reptiles have a partially separated ventri-
cle, while crocodiles, birds and mammals have
completely separated tetracameral hearts. Via in
situ hybridization and qRT-PCR performed in an
inferior reptile featuring a single ventricle, the
green anole (Anolis carolinensis), compared to a
superior reptile, the red slider turtle (Trachemys
scripta elegans) that has a small, incomplete inter-
ventricular septum, these authors proved a left-
to-right (high-to-low) Tbx5 gradient in the turtle
ventricles similar to that in chick or mouse heart,
but lacking in anole heart, occurring later during
embryonic development [37]. These results pro-
vide a molecular mechanism for the evolution of
the amniote ventricle, suggesting that restricted
Tbx5 expression is required for interventricular
septum formation and chamber separation in the
vertebrates. Dominant mutations in Tbx5 gene
in humans result in Holt-Oram syndrome, with
variable congenital heart defects and associated
upper limb malformations. The syndrome could
be reproduced in Tbx5-mutant mice, with vari-
able degrees of congenital heart defects, milder in
animals with a hypomorphic allele (Tbx5"°¥*) and
more pronounced in homozygous hypomorphic
(Tbx5"**x) and haploinsufficient mice (Tbx5%*)
or double-knockout mice. Similar congenital
heart defects occur in DiGeorge syndrome due to
Tbx1 dominant mutations, while non-syndromic
congenital heart defects are related to dominant
mutations in the homebox transcription factor
gene Nkx2.5 and zinc-finger transcription fac-
tor gene GATA4 [206]. The conclusion is that
Tbx5 exerts a “rheostatic” control of cardiac gene
expression, with some genes sensitive to varia-
tions as small as 15% in Tbx5 mRNA level, and
thus a complex gene network including cardiac
transcription factors, intercellular signaling mol-
ecules and ion channel proteins is finely tuned
during tetracameral heart morphogenesis.
Another interesting hypothesis is that inter-
nal right-left asymmetry in vertebrates is con-
trolled by the left-specific Nodal-Pitx2 axis,

which is repressed by right-sided epithelial-to-
mesenchymal transition (EMT) inducers Snaill
and Prrx1a, the later under control of BMP mor-
phogens; thus, Nodal on the left and BMP on
the right form two parallel and mutually repress-
ing pathways along the lateral plate mesoderm,
asymmetrically activating transcription factors
Pitx2 and Prrx1, driving heart laterality in verte-
brates via asymmetrical EMT [207].

Differences between left and right ventricle
behavior to pressure or volume overload, particu-
larly in relation to congenital heart diseases, are
thoroughly discussed in a recent review [208].
While our current understanding of mechanisms
involved in left ventricular hypertrophy and its
progression to left ventricular failure is quite
accurate, not the same can be said about right
ventricular pressure and volume overload and its
progression to right ventricular failure, although
the topic is obviously of utmost importance for
patients with repaired or palliated congenital heart
defects or pulmonary hypertension. The authors
emphasize a significant number of molecular and
functional differences between the two ventricles
and their adaptive response to hemodynamic
stress. Thus, left and right ventricle feature dif-
ferences in miR expression levels: in right ventri-
cle miR-28, miR-34a, miR-93, and miR-148a are
specifically upregulated during afterload stress,
while they remain at steady levels during experi-
mental left ventricular hypertrophy and failure
produced by transverse aortic constriction, and
miR-34a increases in left ventricle only during
ischemia. These differences signal a higher sensi-
tivity of right ventricle, particularly during pres-
sure overload, to ischemia. Indeed, mitochondrial
transmembrane potential is lower in right vs. left
ventricle at rest, but increases during right ven-
tricular hypertrophy via the calcineurin/NFAT
pathway. The right ventricle features a deficit of
antioxidant enzymes (superoxide dismutase and
glutathione peroxidase), particularly during pres-
sure overload, while in the left ventricle these
enzymes are activated during such a hemody-
namic stress in the compensated stage. Studies
also suggest greater mitochondrial reactive oxy-
gen species (ROS) production during right ven-
tricular failure due to hypoxia-inducible factor
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(Hif-1or) activation and impaired fatty acid oxy-
dation due to PGCla (Peroxisome proliferator-
activated receptor-gamma coactivator) deficit. In
addition, the right ventricle features a lower coro-
nary blood flow and lower oxygen consumption
at rest, as well as reduced response to angiogenic
factors, rendering it more susceptible to ischemia.
While in animal models of pulmonary hyperten-
sion induced by injection of monocrotaline (a
vascular toxin that selectively affects pulmonary
microcirculation) there is an increase in capil-
lary density, in pulmonary artery banding mod-
els neoangiogenesis is completely absent, with
increased Hif-1a but decreased VEGF. There are
also differences between the failing right and left
ventricle in relation to neurohormonal activation.
In right ventricle failure there is a decreased ino-
tropic response due to down-regulation of several
classes of adrenergic receptors (B1, al, and DA1),
decreased cAMP and increased GPCR kinase 2,
possibly explaining why beta-blockade does not
function in these patients (e.g. in adults with
right ventricular failure after repaired tetralogy
of Fallot). Data concerning levels of activation
of the renin-angiotensin-aldosterone axis in right
ventricular failure patients are also controver-
sial, and treatment with angiotensin-converting
enzyme inhibitors like enalapril or ramipril or
with angoitensin II receptor antagonists like
losartan remains elusive.

Another recent study [209] emphasizes the
role of Ca?* signaling via TRPC6 channels in
relation to TGF-fl activation (modulated via
knockdown of the type I glycoprotein endoglin
or CD105, part of the TGF-p1 receptor complex)
in right vs. left ventricular failure. Studies per-
formed on human right and left ventricular sam-
ples from patients with end-stage heart failure vs.
control subjects showed increased expression of
TRPC1, 3, 4, 6, of TRPV2, and decreased expres-
sion of TRPM2, 3, and 8, with TRPC1 and 6 lev-
els higher in right vs. left ventricular heart failure
patients. A study in endoglin single-knockout
mice revealed that pumonary artery constriction
failed to increase TRP channels expression lev-
els in either ventricle, while in control mice TRP
channel expression was differentially increased
in the right compared to the left ventricle. The

symmetrical model of thoracic aortic constriction
resulted in differential increase in TRPC1 and 6
expression in left vs. right ventricle irrespective
of endoglin gene knockdown.

A study by the group of Antonio Zaza [210]
revealed further differences in right vs. left ven-
tricular cardiomyocytes in an in vivo model of
right ventricular hypertrophy induced by mono-
crotaline injection in rats. Beyond ultrastructural
changes, such as increased cardiomyocyte size,
increased ECM, disorganized t tubule network,
MHC isoform switch, there was an ,.electrical
remodeling” consisting in increased diastolic
intracellular calcium levels and Ca** release from
stores, along with down-regulation of K* currents
and increase in late Na* current (Iy,..) component,
which may explain in part the favorable thera-
peutic effects of ranolazine in this experimental
model of right ventricular pressure overload.

3.7 Concluding Remarks

Within this chapter we have summarized the dif-
ferentiation signaling pathways, transcription
factors, enhancers, and gene regulatory networks
involved in cardiogenesis, regulation by microR-
NAs of cardiomyocyte differentiation, prolif-
eration/apoptosis, angiogenesis, myocardial
hypertrophy and fibrosis; we have reviewed the
ultrastructural features of cardiomyocytes that
transform them into highly efficient contractile
elements, ensuring blood pumping in the pul-
monary and systemic circulation along the entire
lifespan, and we have emphasized molecular
mechanisms and adaptive responses involved in
myocardial hypertrophy and fibrosis, highlight-
ing the differences between the right and left
ventricle concerning response to pressure or vol-
ume overload. A number of astounding recent
progresses of fundamental biomedical research,
such as methods for large-scale differentiation
into cardiomyocytes of embryonic or induced
pluripotent stem cells, combined with the pos-
sibility of genome editing via CRISPR-Cas9 or
similar techniques, control of the miRNA regu-
latory networks with synthetic oligonucleotide
inhibitors based on locked nucleic acids, control
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of myocardial fibrosis and fibroblast reconver-
sion into functional cardiomyocytes, new drugs
and identification of new molecular targets, all
these offer promises of new enhanced therapeutic
approaches for the benefit of patients with cardio-
vascular diseases.
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Abstract

It has been defined by Conn and colleagues in
2000 that “Cardiac remodelling may be char-
acterized as genome expression, molecular,
cellular and interstitial changes that are mani-
fested clinically as changes in size, shape and
function of the heart after cardiac injury”,
associated with ventricular dysfunction,
malignant arrhythmias and poor prognosis.
Conversely, the various definitions of cardiac
remodelling stress on common molecular,
biochemical, and mechanical pathways.
Although the right ventricle and left ventricle
show significant distinctions in embryology,
form, and function, they have many similar

findings when they adjust to damaging load-
ing or when they fail. Having a number of key
differentiations in their molecular response to
failure this offer a future platform for right
ventricle for a particular therapeutic interven-
tion. It has been suggested by Friedberg and
Redington in 2014 that “Focus on the molec-
ular pathways specific to the failing right ven-
tricle, and targeting the interactions between
both ventricles may guide to successful treat-
ments for the right ventricle and left ventricle
failure”. A shortly review is made with
updated information for all factors that cause
and affect cardiac remodelling process, espe-
cially in case of right heart.
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4.1 Introduction
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To date, the term ‘cardiac remodelling’ (CR) was
firstly coined by Hockman and Buckey on myo-
cardial infarction (MI) to study replacement of
myocardial injury with scar tissue [1]. Later,
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Braunwald utilized the term CR for morphological
changes caused by MI, especially for LV remod-
elling [3]. In this regard, an international forum
published in 2000 a consensus on CR, that
defined “CR as a group of molecular, cellular
and interstitial changes that clinically manifest
as changes in size, shape and function of the
heart resulting from cardiac injury” [4]. In biol-
ogy, the term remodelling characterizes adjust-
ments that cause reorganizing of initial structures
[5]. Even if CR was used initially to describe the
geometric and structural modifications caused by
MI [3, 6], CR is actually applied to a large variety
of cardiac conditions. Esentially, Swynghedauw
classified etiology of CR as being (1) acquired
diseases (postmyocardial infarction, hyperten-
sive cardiopathy, valve and congenital disease,
myocarditis, and Chagas disease); (2) genetics
(inherited cardiomyopathies, familial hypertro-
phic cardiomyopathy, dilated cardiomyopathy,
Marfan disease, hemochromatose, transgenic
models, transgenic models of cardiac hypertro-
phy, transgenic models of cardiac failure); and
(3) miscellaneous causes (aging; heart rate; use
of catecholamines, thyroxine, or growth hor-
mone; salt, mineralo- and glucocorticoid; diabe-
tes mellitus; B6 vitamin deficiency; atrophy due
to heterotopic transplantation and hypertrophy
due to homeotopic transplantation (?)) [5, 7, 8].
Further, CR is separated into structural (hyper-
trophy and fibrosis) and electrical remodelling.
Shortly, any type of stress induces cardiomyo-
cytes (CMs) to become hypertrophic with altered
electrical function, while cardiac fibroblasts
(CFs) transform in ‘activated’ myofibroblasts
(MyoFb), which further multiply and boost extra-
cellular matrix (ECM) tissue with fibrosis [9].
During international forum from 2000 [4],
two types of CR were established: (1) physiologi-
cal (adaptive) remodelling and (2) pathological
remodelling. Further, Dorn et al. defined CR as
being ‘adaptive or maladaptive’ [10]. It should be
noted, that Hill and Olson stated that heart can
respond to environmental stimuli by increase of
myocardial mass or atrophy starting with a “least

100%” [11]. More important is other mechanisms
than remodelling also can alter the evolution of
heart disease, even in the absence of remodel-
ling process. To reiterate, CR can be a physi-
ologic or pathologic condition [4]. Physiologic
CR is a physiological alteration in size and func-
tion of the heart due to physiologic stimuli such
as exercise (“athlete’s heart”) and pregnancy.
In addition, pathologic CR occurs with pressure
overload conditions (e.g., aortic stenosis, hyper-
tension), with volume overload conditions (e.g.,
valvular regurgitation), with cardiac injury or
coronary artery disease (CAD), and with inflam-
matory myocardial disease (e.g., myocarditis), or
idiopathic dilated cardiomyopathy [4]. Equally,
physiologic CR may lead to pathologic remodel-
ling [12].

Constrictive pericardial disease, selected forms
of congenital heart diseases (CHD), inflow
obstruction, primary myocardial disease, and
pressure or volume overload are each well-
described causes of right ventricular (RV) remod-
elling, RV systolic dysfunction, and cor pulmonale
[13]. Emerging evidence suggests that RV dys-
function is the mainly marker of poor prognosis in
pulmonary hypertension (PH) [14, 15].

For simplicity, the first adaptive reaction of
the RV to pressure overload is hypertrophy. If
untreated, the RV dilates to compensate increased
RV preload and to maintain stroke volume
according to the Frank-Starling principle. When
further increase in RV end-diastolic filling vol-
ume do not balance progressive RV contractile
dysfunction, clinically evident RV failure ensues.
In advanced stages, RV dilation may also impair
LV diastolic filling kinetics that contributes fur-
ther to global pump dysfunction and, conse-
quently, to the congestive heart failure (CHF)
syndrome [16].

It should be restated that the RV and the LV
don’t have same embryologic origins. The RV
stems from the secondary/anterior heart tube and
the LV from early/primary heart tube [17].
Accordingly, RV formation is specifically con-
trolled by several genes, including Hand2 and
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Tbx20 [18]. This different embryologic origin of
RV is associated with cellular divergence that
controls the duration of early development to dif-
ferent LV and RV cardiomyocytes, and go on with
distinct cell signalling and Ca?* handling path-
ways for both chambers, altogether suggestive of
certain essential differentiation at the cellular
level for both ventricles [19]. For the foetal period,
the RV propels blood into the pulmonary circula-
tion, placenta and into the inferior body. Further,
during the switch from the foetal circulation to the
postnatal circulation with the reduction of pulmo-
nary vascular resistance (PVR), the RV develops
into a thin-walled, heavily trabeculated chamber
pushing a cardiac output (CO) same to the LV but
with lesser energy cost [20]. Normal crescent—
shaped RV with thinner walls is a low-pressure
chamber that faces the low impedance of pulmo-
nary circulation. Thus, although the RV is a low-
resistance and low-capacitance pump, the LV is
an high-resistance and high-pressure pump [20].
Additionally, the RV has a different metabolism
and morphology in comparison with LV [20]. RV
cardiomyoytes are disposed longitudinally and
demonstrate faster twitch velocities than the radi-
ally oriented LV cardiomyocytes. As a result,
because of these anatomical and physiological
differences, both ventricles present various reac-
tions to disease forms. According to current evi-
dences, it seems that RV hypertrophy (RVH), RV
remodelling and RV failure (RVF) can develop at
the same time instead of progression development
(Fig. 4.1) [21].

Also, in response to increased afterload, there
is an activation of the foetal gene pattern in RV,
re-expressing of genes from normal foetal
RV. This includes a shift from a- to p-myosin
heavy chain expression and an increase in adren-
ergic receptors, calcineurin activation [22-24],
and phosphodiesterase type-5 (PDES) expres-
sion [25]. The foetal gene pattern re-expression,
particularly the myosin heavy chain shift from
the a to P isoform, an hallmark of foetal gene
reactivation, is also triggered in LV failure
(LVF) [22].

Further, using microarray gene chip studies
of mice, Urashima et al. compared LV hyper-
trophy (LVH) from aortic banding with RVH
from pulmonary banding, and they demon-
strated both similar and different LV and RV
adaptive mechanisms [26]. One pathway that is
more activated in the pressure-loaded RV com-
pared with the pressure-loaded LV is the Wnt
signalling pathway (Fig. 4.2) [27-29]. Wnt
regulates glycogen synthesis kinase-3b activ-
ity, a serine/threonine protein kinase active in
multiple intracellular signalling pathways,
including cell proliferation, migration, inflam-
mation, glucose regulation, and apoptosis [28,
29]. Also, there are multiple variation concern-
ing the RV and LV in their adaptation to
increased loading and likely differences in
metabolism, mitochondrial remodelling, and
glycolysis-to glucose oxidation coupling.
These metabolic changes may subsequently
lead to hyperpolarization of the mitochondrial
membrane potential in RV hypertrophy, ineffi-
cient energy metabolism, and increased lactate
production at an earlier stage of maladaptation
compared with the LV [30].

In CR process, several cell markers may
indicate an undergoing CR progression, as well
as alterations with an rise in «- and a reduction
in f-myosin heavy chain, raised exhibition of
Glucose transporter type (GLUT)-1, a-actin,
natriuretic peptides, galectin, caveolin, neuro-
nal nitric oxide synthase (NOS), angiotensin-
converting enzyme (ACE), reduction of
GLUT-4, sarcoplasmic/endoplasmic reticulum
Ca(2+)ATPase 2a (SERCA 2a), and a change
from free fatty acids oxidation to glucose
metabolism [31, 32].

To sum up, cardiac dysfunction is the most
important effect of CR. Because of cardiac
injury, CR begin with genetic alterations, with
reexpression of foetal genes, with cellular and
molecular modifications, and gradually dam-
age of ventricular function that develops with
signs and symptoms of HF (Fig. 4.3) [4, 31,
33-35].
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Fig. 4.1 (a) An overview of changes associated with RV
pressure overload. Key triggers of RV pressure overload
include pulmonary hypertension, RV outflow tract obstruc-
tion or RV being the systemic ventricle. RV pressure over-
load induces RVH that, through remodelling, leads to RV
failure. It is of note, however, that RV failure is a continuous
process and may begin as the time of hypertrophy and
remodelling rather than being seen as a sequential process.

(b) Effect of RVH-induced ischaemia. RVH is characterised
by tissue hypoxia arising from ischaemia and microcircula-
tory insufficiency. Ischaemia-derived ROS, through the acti-
vation of transcription factors, drive the metabolic
remodelling, contractile dysfunction and fibrosis that occur
in RV failure. RVH, RV hypertrophy; PA, pulmonary artery;
ROS, reactive oxygen species; MMPs, matrix metallopro-
teinases. (From lacobazzi [21]. It is an open access article)
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Fig. 4.2 The Wnt/p-catenin signaling pathway. In the
Wht-off state, defined by the absence of an active Wnt
ligand, p-catenin is phosphorylated by the destruction
complex (formed from the two kinases Gsk3 and Ckl1, the
scaffolding protein Axin, and the tumor suppressor Apc)
and degraded by the ubiquitin-proteasome pathway. In the
Whnt-on state, active Wnt ligands interact with the Fz
receptors and the Lrp5/6 coreceptor. Phosphorylation of
Lrp5/6 by Gsk3 and Ckl recruits Dvl and Axin to the

Fig.4.3 Sequence of events from cardiac injury to
cardiac dysfunction. (From Azevedo [33]. It is an open
access article)

receptor complex and hence inhibits the destruction com-
plex. This, in turn, inhibits $-catenin phosphorylation and
stabilizes P-catenin in the cytoplasm. p-catenin is then
translocated into the nucleus, by a complex including
Fam53b/Smp, and regulates target gene expression with
the Tcf/Lef transcription factors. Many modulators
including the inhibitors sFrps and Wif are known to
tightly regulate the signaling cascade. (From Ozhan et al.
[27]. It is an open access article)
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4.2  Adaptive Versus Maladaptive

Cardiac Remodelling

As already stated, CR is an adjusting and a mal-
adaptive process. The adjusting process sustains
heart function due to pressure overload or vol-
ume overload in case of acute cardiac injury [36].
Even if CAD affects directly RV with regional or
global ischemia, RV physiology and RVF are
mainly influenced by raised preload or afterload
[20]. It has to be underlined that RV is exclu-
sively dependent on afterload. Even small
changes in total PVR, as demonstrated by modest
increases in mean airway pressure during posi-
tive pressure ventilation, can reduce RV contrac-
tile performance and lower CO even when RV
preload is maintained [37]. In contrast, signifi-
cant changes in LV afterload may induces only
modest changes in LV stroke volume [38].
Although patients with acute changes in systemic
vascular resistance can compensate over a wide
range, those with acute pulmonary arterial hyper-
tension (PAH) if associate acute lung failure,
often develop overt RVF and compromised CO
[20]. In the largest part of clinical scenarios, even
acute mild/moderate raises in RV afterload pro-
duce significant falls in RV output, including
PAH and RV outflow obstruction, with the men-
tion that usually changes in afterload are chronic
and occur progressively [20]. Undeniably, in the
chronic conditions, the relative increase in RV
afterload is much greater in PAH than the increase
in LV afterload in systemic hypertension [20].
Only that, long-term CR is damaging and cor-
related with a weak prognosis [39, 40]. Significant
CR causes the increase of failing cardiac function
[39, 41] that is related with bad prognosis espe-
cially for MI [40]. Actually, there is no evidence
to suggest the time of occurrence from adaptive
remodelling to maladaptive remodelling or if CR
can be recognized at right moment. For instance,
continuing CR is usual after an initial, moder-
ately large anterior MI, but is uncommon after an
initial small inferior MI [41]. CR after acute MI
involving the LV may progress with LV dilatation
and with later RV dilatation. Biventricular (BiV)
remodelling comprises a group of patients with

extremely poor outcomes [42]. Importantly, BiV
failure is regarded as the terminal phase of CR
[43, 44]. On the other hand, there is no clear
knowledge regarding the effects of acute MI of
LV and RV remodelling. It seems that the most
important pathophysiological mechanism is the
PH followed by raise of the RV afterload.

It should be mentioned that about 50% of
patients with cardiac failing will die in five years.
Moreover, about 40% of patients with HF die dur-
ing first one year of hospitalization [45]. Also, an
important number of deaths related with CR and
cardiac failing are produced by sudden death [46]
suggestive of the fact that an asymptomatic patient
doesn’t mean a convinced good prognosis. In the
face of raised survival with up-to-date current treat-
ments, death rates have inadmissible values [47].

4.3 Basic Concepts

of Cardiac Remodelling

As already mentioned that “CR may be charac-
terized as genome expression, molecular, cellular
and interstitial changes that are manifested clini-
cally as changes in size, shape and function of the
heart after cardiac injury” [4], the myocyte or
cardiomyocyte (CM) is the most important car-
diac cell implicated in the CR process. Conversely,
the various explanations of CR share common
molecular, biochemical, and mechanical path-
ways. Furthermore, the interstitium, fibroblasts,
collagen, coronary vasculature, hemodynamic
load, and neurohumoral activation affect the pro-
cess of CR. A shortly review is made with
updated information for all factors that influence
CR process especially in case of right heart.

4.3.1 Functional Changes

RV and LV are different in their anatomy and
physiology. Moreover, morphologically and
functionally, both ventricles are comprehen-
sible linked not only in health but also as they
react to disease [20]. In same time, alterations in
ventricular mass, and changes in composition
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and volume negatively modify the cardiac func-
tion [39, 41, 48-50]. As CR continues over time,
the heart dilates and becomes spherical instead
of elliptical form [51, 52], with thinning of car-
diac walls and mitral valve incompetence. Even
so, the evolution of CR depends on the primary
disease, the severity of the underlying disease,
genotype, intermittent ischemia episodes, neu-
roendocrine activation, and recommended treat-
ment [41, 53, 54].

4.3.2 Cellularand
Molecular Changes

It should be emphasized that CR is related with
numerous cellular changes as well as myocite
hypertrophy, deficit of myocytes due to apoptosis
[55-57] or necrosis [58], fibroblast proliferation
[59] and fibrosis [60, 61]. At molecular level,
recent literature has highlighted differences
between the RV and LV in the expression of
genes involved in the response to pressure load-
ing and failure [62]. Some of these differences
are detailed in the following text and are summa-
rized in Table 4.1 [20, 25, 27, 63-69, 71, 72].

4.3.3 The Cardiomyocyte (CM)

Human myocardiums are composed of myocytes
tied and hold up by connective tissue mainly cre-
ated from fibrillar collagen. The adult human
heart have about 4-5 billions CMs but the myo-
cardium has insignificant basic regenerative
capability, and the damage of an important mass
of cardiac muscle causes scar. In fact, the normal
myocardium consists of four components that are
highly interrelated: CMs, CFs, the microcircula-
tion and the extracellular matrix (ECM) [73]. All
four above components have decisive role in the
progression of chamber remodelling with hyper-
trophy [73]. RV myocytes have mainly longitudi-
nal myocyte direction with angulated intrusion of
superficial myocytes toward the endocardium
creating a peristaltic contraction from the inlet to
outlet and a bellows-like motion of the free wall

Table 4.1 Molecular differences between the left and
right ventricles in response to adverse loading

Molecular
response Right ventricle | Left ventricle
Whnt pathway Higher Lower
activation and activation; activation;
glycolysis-to- potentially potentially
glucose oxidation | inefficient improved
metabolism in energy energy
afterload metabolism [27] | metabolism
[27]

Fibrotic response Weaker [63]

to volume loading

Stronger [63]

Irx2 transcription | Not expressed Expressed
factor expression | [64] [64]

in afterload

Atrial natriuretic | Not expressed Expressed
peptide [65] [65]
expression

miRNA 133a Decreased [64] | —

expression in
experimental PAH

Expression in Increased [66] Not increased

afterload of [66]
clusterin,

neuroblastoma

suppression of

tumorigenicity

1, DKk3, Sfrp2,

formin binding

protein, annexin

A7, lysyl oxidase

Response to a-1 Decrease Increase
adrenergic contractility contractility
receptor agonists [67] [67]
Response to No hypertrophy | Hypertrophy
long-term [68] [68]
norepinephrine

infusion

miRNA 28, 148a, |Increased [66] Decreased
and 93 expression [66]

in failure

Response to Increased Unchanged

dichloroacetate in
hypertrophy

inotropy [27] inotropy [27]

Increased
inotropy [25]

Unchanged
inotropy [25]

Response to
PDES inhibitors

in hypertrophy

Response to Unchanged Increased
recombinant inotropy [69, inotropy [64]
BNP infusion 70]

BNP indicates brain natriuretic peptide, Irx2 Iroquois
homeobox 2, miRNA microRNA, PAH pulmonary arterial
hypertension, PDES phosphodiesterase type-5

From [20] with permission
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toward the septum [74]. In addition, RV myo-
cytes present quicker twitch velocities than LV
myocytes [75].

Even if the RV and the LV have related cellu-
lar and molecular responses to stress, there are
various distinctions at the cellular and molecular
levels in their responses to stress such as pressure
overload. Furthermore, both ventricles show
comparable modifications in genes controlling
ECM and cytoskeleton remodelling, but with sig-
nificant differentiation in genes controlling
energy production, mitochondrial function, reac-
tive oxygen species (ROS) production, antioxi-
dant protection, and angiogenesis [26, 70].

Unlike the CMs that comprise almost 1/3 of
all heart’s cells [76], endothelial cells (ECs) [77],
vascular smooth muscle cells (VSMCs) [77],
CFs, macrophages and surrounding ECM that
exist in the cardiac interstitium are together
named as nonmyocyte cells [78]. The develop-
ment of nonmyocyte cells is mentioned as inter-
stitial structural remodelling and is characterized
by the increase of collagen [78, 79]. Because the
increase of nonmyocytes and myocytes is unre-
lated of each other, the hypertrophic process may
be a similar and proportional or heterogeneous
with excessive nonmyocytes raise, correspond-
ingly [80, 81].

Since CMs have low ability for cellular multi-
plication, it is clear that they can growth by cel-
lular enlargement. Consequently, the
cross-sectional area and diameter of CMs are
raised. Furthermore, typical characteristics of
hypertrophy develop too: (1) sarcomere is intense
restructured; (2) raised CMs size and myocardial
mass by boost of protein synthesis; and (3) car-
diac specific gene expression suffers alterations
[11, 82]. A part of these modifications are known
as re-activation of foetal gene program that
implies only the re-expression of normal genes
from embryonic and neonatal heart, together with
contractile foetal proteins such as skeletal a-actin,
atrial myosin light chain-1 and f-myosin heavy
chain, and signal transduction proteins such as
atrial natriuretic peptide (ANP) or B-type natri-
uretic peptide (BNP) [9, 83]. Abnormal existence
of these foetal proteins in adult human heart has

an effect on cardiac contraction, myocardial
metabolism including Ca®* control, resulting in
maladaptive CR [84]. Of particular interest, the
presence of the foetal gene program does not
exist in physiological hypertrophy [85].

Changes of CMs in the size, shape, and func-
tion are related with the raise of cell death as
well. Deficit of CMs is mainly related to the
chronic CR process with progression to HF,
increased apoptosis [86], and decreased cardiac
function of heart. For that reason, the equilibrium
between CMs survival and apoptotic pathways
seems the mainly factor of the shift process from
hypertrophy to ventricular dilatation [87].

It has previously described that the term
matricellular proteins don’t have any significant
role in cardiac tissue structure, but they are stim-
ulated by injury with the alteration of cell to cell
and cell to matrix connections [88]. Therefore,
the production of matricellular proteins in the
cardiac matrix, causes their attachment to growth
factors, cytokines, and cardiac cells receptors of
transducing signalling cascades. Consequently,
matricellular proteins are controlled in CR pro-
cess and have a significant function in controlling
of inflammatory, reparation, fibrotic and angio-
genic process [88]. It should be remembered that
the term matricellular protein has been created by
Bornstein [89] for ECM proteins which have no
involvement in the structure of the ECM, except
they appear and control cardiac cellular function
subsequent to injury. According to current evi-
dence, matricellular proteins implied in CR com-
prise secreted protein acidic and rich in cysteine
(SPARC), osteopontin, thrombospondin (TSP),
periostin, and tenascin families [88, 90]. Also,
initiation of the matricellular proteins (TSP-1,
tenascin-C, SPARC) can produce the process of
“de-adhesion” in tissue remodelling. This pro-
cess may be significant in supporting cell motil-
ity during inhibition of cell anoikis [88].

To sum up, the normal adult heart contains
CMs, a complicated system of ECM, and non-
myocytes that are more numerous than CMs.
Every CM is encircled by collagen (endomy-
sium), and connective tissue (perimysium)
demarcates individual fibbers. Also, the normal
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mammalian heart has a rich vascular system
consisted of capillary, venous and arteriolar
endothelial cells, pericytes, smooth muscle
cells, numerous CFs, minor numbers of macro-
phages, mast cells, lymphocytes and dendritic
cells [88]. After an injury of sufficient degree,
CMs diminish and develop into elongated or
hypertrophied cells to sustain stroke volume
[49, 50]. As well as, the width of ventricles wall
may raise due to myocyte hypertrophy [48-50].
Changing of heart loading conditions like raised
preload further causes stretching of cell mem-
branes and increases of wall stress both have
the ability to initiate the effect of hypertrophy
genes. More precisely, in cardiac myocytes may
be triggered new contractile proteins synthesis
joining with new sarcomere. The final result is
believed to be CMs elongation or the increase
of their diameter [91].

It seems that RV dysfunction is described in
PAH or RV obstruction [21]. Patients with RV
dysfunction are put together even though the
CHD can initiate different molecular, cellular
and functional remodelling in the RV [21]. In
addition, the evaluation of RV function is mainly
based on techniques which assess structure and
function of RV (e.g. echocardiography, MRI
and pulmonary angiography) instead of explor-
ing the cellular and the molecular irregularities
of the RV dysfunction from CHD [21]. For
instance, some studies demonstrated the altera-
tion of gene expression in signalling pathways
that control heart growth in children with
Tetralogy of Fallot (TOF). Modifications such
as significant suppression of genes in the Notch
and Wnt pathways, in VEGF gene expression
and numerous ECM proteins are identified as
factors that lead to TOF [92, 93]. Another
genome-wide array study has demonstrated
obvious difference in gene expression between
the TOF and other RVH phenotypes, including
VSD and ASD. Genes related with cardiac mal-
development such as SNIP, A2BPl and
KIAA1437 are more active in the TOF group,
and genes linked with stress reaction and cell
proliferation are more exhibited in the RVH
conditions [94].

In addition, a molecular conversion from RV
to LV characteristics appears for the period of RV
adjustment to pressure overload, with the men-
tion that altered genes from RVH have a normal
representation same to the normal LV tissue.
Additionally, the association of tissue hypoxia
and hypertrophy can boost the protein phospha-
tase PP1 activity leading to raised phospholam-
ban (PLN-Serl6) dephosphorylation in CMs,
followed by cardiac dysfunction [95]. As already
described, hypoxia-inducible factor-1 (HIFla) is
a further contributor factor in the RV adjustment
to tissue hypoxia and mechanical stress. In acute
hypoxia, HIFla is cardioprotective based on its
property to produce angiogenic, metabolic and
erythropoietic genes [96]. Conversely, HIFla
sustain transforming growth factor beta TGFp1-
mediated organ fibrosis in chronic hypoxic states
[96]. Also, genetic differences of HIFla change
myocardial adjustment to hypoxia during post-
surgical period and before RV remodelling pro-
cess [97]. Therefore, the adjustment of RV to
hypoxia prior to TOF surgery is based on the
HIFla pathway and could have an effect on RV
phenotype after surgery.

4.3.4 Matricellular Proteins:
TSP Family

It should be underlined that one of the matricel-
lular proteins, TSP family contains five members
divided into two groups. TSP-1 and TSP-2 form
homotrimers (Subgroup A), while TSP-3, TSP-4
and TSP-5 (COMP) form homopentamers
(Subgroup B) [73, 98-100] (Figs. 4.4 and 4.5).
These matricellular proteins induced by heart
injury with CR named TSPs have a significant
function during cardiac growth [101]. However,
numerous TSP proteins activity increases to stress.
They have the capacity to attach with the compo-
nents of the ECM such as cytokines and growth
factors. In addition, it’s convenient at this point to
discuss that pressure overload quickly raise TSP
expression, mainly TSP-1 and TSP-4 [102, 103],
and volume overload shows a significant raise in
TSP-4 mRNA [104]. In most of the cases, the
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Fig.4.4 Structure of the two thrombospondin (TSP) sub-
groups. Subgroup A form homotrimers and consist of
TSP-1 and TSP-2, while Subgroup B form homopentam-
ers and consist of TSP-3, TSP-4, and TSP-5 (COMP).
Subgroup A has domains that bind to CD36 and inhibit
MMPs. The N-terminal domains tend to be family mem-

ber specific, while the CTD has high homology between
the family members. NTD N-terminal domain (specific to
each family member), vWF-C vonWillebrand factor
C-type domain, MMP matrix metalloproteinase, EGF epi-
dermal growth factor, CTD C-terminal domain. (From
Kirk et al. [73] with permission)
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Fig. 4.5 Recent work has identified several roles for
TSPs once the heart has transitioned to heart failure. The
effects of the TSPs on matrix remodeling and inflamma-
tion are still important in HF. However, they also regulate
a number of pathophysiologically important elements

mechanisms implied are same to the post-MI, as
well as inflammation [105] and fibrosis [106].

4.3.5 Endoplasmic Reticulum Stress

Theoretically, stress factors such as hypoxia, isch-
emia/reperfusion, hypertrophy, pressure overload,
and drug-induced insults can cause activation of
endoplasmic reticulum (ER) stress in the heart
[107]. ER stress being closely implied in the pro-
tection of cardiovascular homeostasis, it proves a
significant therapeutic aim for cardiovascular dis-

within the cardiac myocyte, which exhibits hypertrophy,
apoptosis, and contractile dysfunction with HF. However,
our knowledge of the mechanistic function of each of the
TSPs in the HF myocyte is still incomplete. (From Kirk
et al. [73] with permission)

eases treatment. Figure 4.6 shows a schematic
illustration of ER stress pathways with particular
highlighting on their role in cardiac physiology
and pathology [108]. The ER stress response or
‘unfolded protein response’ (UPR) is essential for
normal cellular protection, but in CR like HF can
generate apoptosis [107, 108]. A simplistic expla-
nation is TSP-1 and TSP-2 have anti-inflamma-
tory, pro-fibrotic, and antiangiogenic properties,
as TSP-4 induces pro-inflammatory and pro-
angiogenic consequences [109]. Also, the TSPs
are significant aims for stopping the evolution
from MI to HF.
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Fig. 4.6 ER stress signaling pathways. (a) PERK-
dependent pathway activated by ER stress. PERK, a trans-
membrane kinase and endoribonuclease, interacts with
BiP/GRP78 under nonstressed conditions. On activation of
ER stress, BiP/GRP78 dissociates from PERK, resulting in
dimerization of PERK and activation of its kinase domain,
autophosphorylation, and subsequent phosphorylation of
elF2a. Phosphorylation of elF2a results in attenuation of
protein synthesis. However, expression of ATF4 is not
inhibited, and the transcription factor induces expression
of ERSR-containing genes. (b) ATF6 pathway. Under non-
stress conditions, ATF6, a transmembrane protein local-
ized to the ER, interacts with BiP/GRP78 and calreticulin.
After ER stress, BiP/GRP78 and calreticulin dissociate
from ATF6, and the protein translocates to the Golgi,
where it undergoes cleavage by S1P and S2P proteases.
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This cleavage yields a cytoplasmic transcription factor
(N-ATF6) that translocates to the nucleus and induces
ERSR-containing genes. (¢) IRE1 pathway. IRE1 is an ER
transmembrane protein containing a serine—threonine
kinase domain and a carboxyl-terminal endoribonuclease
domain in its cytoplasmic region and binds to BiP/GRP78.
Under ER stress conditions, BiP/GRP78 is released from
IREI followed by IRE1 homodimerization and autophos-
phorylation. Phosphorylation is essential for IRE1 endori-
bonuclease activity that is responsible for splicing of
XBP1 mRNA, yielding spliced XBP1s mRNA encoding a
potent transcription factor. The XBP1s splice variant binds
to ERSE-containing promoters and activates ERSE genes.
XBP1s also binds to a second cis-acting motif, termed the
UPRE, resulting in upregulation of genes involved in
ERAD. (From Groenendyk et al. [108] with permission)
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4.3.6 Pleiotropic Functions
of Cardiac Fibroblasts (CFs)

In particular, CFs include over 50% of the cells
in the adult heart [110] being implied in the
development and deterioration of the cardiac
ECM by generating collagens, proteoglycans,
MMPs and TIMPs. As well, CFs produce differ-
ent bioactive mediators such as VEGF-A, fibro-
blast growth factors (FGFs), transforming
growth factor beta (TGF-P), platelet-derived
growth factor (PDGF) which affect cardiac
angiogenesis and CM proliferation. Furthermore,
CFs have an effect on cardiac electrophysiology
by protecting CM bundles, spreading of electri-
cal signals, and changing mechanical stimuli in
electronic signals [111]. In fact, CFs develop
intracellular electrical coupling and intercon-
nect with CMs through gap junctions (Fig. 4.7)
[112-114]. Also, CFs being the most abundant
cardiac cell type, they monitor CM proliferation
during heart development. Therefore, CFs acti-
vation is a critical early repair response after
cardiac injury.

Fig. 4.7 Cell Communication Between Cardiac
Fibroblasts and Myocytes. Z-section of a cell aggregate
containing cardiac fibroblasts that were dual loaded with
Lucifer Yellow and CMRA and myocytes that were
unloaded. Cardiac fibroblasts appear as yellow or orange
cells. The orange cells are fibroblasts that have transferred
their green dye to an adjacent cell (orange arrow). Note
the green cells, which are myocytes that have received
green dye from an adjacent fibroblast (white arrow).
(From Souders et al. [112] with permission)

E.Bontas et al.

4.3.7 Collagen Synthesis
and Degradation

Collagen is synthesized by interstitial CFs which
are degraded by locally formed enzymes named
collagenases, such as matrix metalloproteinases
(MMPs). The cardiac interstitium consist of 95%
of type I and type III collagen fibers. The most
important roles of collagen network are to con-
trol apoptosis, fix pathological processes, pre-
serve the configuration of structures, control the
resistance conduction during fiber shortening,
and produce cytokines and growth factors [115].
Each heart has inactive myocardial collagenases
in the ventricles but they are activated after a
myocardial injury [116]. As already noted above,
in any failing heart, CR primarily arises as a pre-
venting reaction to protect the myocardium struc-
ture, but with gradually collagen deposit can
causes cardiac fibrosis with diastolic and systolic
dysfunction [117-120]. Importantly, collagen
XIV is necessary to produce and preserve the
ECM network in the heart growth [121].
Throughout fibrosis process, CMs undertake
hypertrophic modifications, while MyoFb con-
tinue with collagen production and scar forma-
tion at the site of injury. In addition, collagen XI
is necessary for myocardial growth supporting
the nucleation of type I and II fibrils [122].
Therefore, the increased activity of collagen type
XI alpha 2 chain (COL,;A,) gene can be corre-
lated with production of heterotypic fibrils with
collagen I that is implicated in CR [123].
Nevertheless, persistence of CFs in injury area
leads to chronic scar and remodelling [119].

According to evidence, the atypical deposit of
type III collagen and type I collagen was discov-
ered in cardiac injury, produced by several sig-
nalling pathways such as TGF-f, endothelin-1
(ET-1), angiotensin II (Ang II), connective tissue
growth factor, and PDGF. In this situation, fibro-
sis is related with raised myocardial stiffness,
decreased diastolic function, reduced contrac-
tion, failed coronary flow and malignant arrhyth-
mias [124, 125].

As a result, collagen has an important role in
the protection of cardiac structure and function.
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In CR, the equilibrium between collagen pro-
duction and degeneration is altered with numer-
ous side effects. To prevent developing of CR to
HF is necessary of timely developed stable scar
that restores the injured tissue [126]. This equi-
librium is preserved to some extent by MMPs
that alter the ECM and tissue inhibitors of MMP
(TIMPs) [127, 128]. In case of post MI, numer-
ous mechanisms are run by CFs that change into
MyoFb [129].

It should be noted, that there is a direct sup-
port between TSP-1 and the cardiac collagen.
More important, TSP-1 and TSP-2 can preserve
ECM normal structure by controlling the MMPs
[73, 130, 131] (Table 4.2). TSP-1 and TSP-2
can directly attach to MMP2 and MMP9
through their Type 1 Repeats [132], but this
attachment doesn’t cause their inhibition
directly [133]. When TSPs perform their acti-
vation by TGFp, this diminishes MMP tran-
scription [134]. Also, TSP-1 can attach to
collagen V and fibrinogen [135, 136] and has-
ten fiber growth [137]. On the other hand,
TSP-4 increases fibrosis by production of col-
lagens I, II, III, and V [138] that support its
direct role on the ECM remodelling process
[139]. Essentially, in order to regulate cardiac
fibrosis, TSP-4 expression is controlled by the
transcription factor Kriippel-like factor 6
(KLF6) [140]. Also, TSP-4 triggers TGF-p [73]
necessary for the transdifferentiation of MyoFb
from CFs [141]. Further, MyoFb are indispens-
able to the cardiac fibrosis by production of
collagen [142].

Table 4.2 Thrombospondin binding partners. From Kirk
et al. [73] with permission

Signaling
Protein | ECM Cell surface molecules
TSP-1 MMP2, CD36,CD47, | TGF-p,
MMP9, p1, p3 VEGF Ca*
collagen V, | INTEGRINS
fibrinogen,
fibronectin
TSP-2 MMP-2, CD36,CD47 | Ca*
MMP9
TSP-4 Collagens B2, B3 Atfoo
LIL 101, V integrins

4.3.8 Apoptosis

There are three main mechanisms involved in
myocyte death: apoptosis or programmed cell
death, necrosis and autophagy. According to data,
cardiac dysfunction is correlated with modifica-
tions produced by autophagy, that can be adap-
tive or deleterious [143-145]. Initially, Sharov
et al. have been suggested that raised cardiac
apoptosis with CMs damage increases LV dys-
function with chronic HF [55]. Conversely,
Olivetti et al. showed on myocardial samples
from patients who underwent heart transplanta-
tion that cardiac apoptosis was increased more
than 200-fold in the patients with failing heart
[57]. In general, apoptosis has an important func-
tion in cardiac growth and in various heart dis-
eases with ischemic and non-ischemic origin
[146, 147]. However, the major mechanism of
CM death from MI is the coagulation necrosis,
even if apoptosis is also implied in CMs damage
(Fig. 4.8) [148, 149].

It is important to note, that there is a fast trig-
gering of caspase-3 in MI during 1 h after the onset
of ischemia [150, 151], and the process of CM
apoptosis can be completed within 24 h (Figs. 4.9
and 4.10) [42, 152, 153]. Previous reports have
been shown that apoptosis is associated with unfa-
vourable CR and HF post-MI in case of ablated
proapoptotic protein Bnip3 [154, 155]. Also,
TSP-1 and TSP-2 trigger apoptosis in ECs from
microcirculation [156, 157]. Apoptosis inhibits
endothelial tubule development and consequently
has antiangiogenic effect. Further, vitro studies
showed that matricellular proteins relate with the
transmembrane glycoprotein CD36 [157-162],
being the mainly mechanism that causes the anti-
angiogenic effect. Also, Primo et al. showed in
cultured human ECs the inhibition of angiogenesis
by the pathway of the VEGF receptor modulated
by TSP-1 [163]. Attachment of TSP-1 to CD36
causes apoptosis of ECs by raise of death receptors
and Fas ligand [164].

ADAMTS-7 is a member of the disinteg-
rin and MMPs with TSP motifs (ADAMTYS)
family [73, 165], being newly recognized to
be considerably correlated genome-wide with
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Fig.4.8 Typical appearance of different types of cell death.
(a, ¢, ) Confocal micrographs: counterstaining for actin, red;
nuclei, blue; specific fluorescence, green. (b, d, f) Electron
microscopic pictures (all bars = 2 pm). (a, b) Apoptotic cell
death. (a) Nuclei with DNA fragmentation are green. (b)
Nuclei show condensed chromatin. (¢, d) Oncotic cell death.

A

(c) Single cell oncosis labeled with C9. (d) Nuclei are elec-
tron-lucent with clumped chromatin, mitochondria are dam-
aged with flocculent densities. (e, f) Autophagic cell death.
(e) Ubiquitin deposition and loss of nuclei. (f) Ultrastructural
appearance with numerous autophagic vacuoles. (From
Kostin et al. [148] with permission)
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Fig.4.9 Schematic depiction of Injury/stress
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Fig. 4.10 Demonstration of apoptosis. (a) Labelling of (TUNEL). Colocalisation of (b) TUNEL and actin and of
nuclear DNA fragmentation using terminal deoxynucleo-  (¢) TUNEL and activated caspase 3. (From Bussani et al.
tidyl transferase mediated dUTP nick end labelling [42] with permission)
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angiographic CAD [73, 166]. It has been pre-
viously confirmed that ADAMTS-7 support
VSMCs migration and post injury neointima
production via degradation of the matrix pro-
tein ‘Cartilage Oligomeric Matrix Protein’
(COMP or TSP-5) [73, 167]. Same researchers
demonstrated that ADAMTS-7 breaks down
the TSP-1 with re-endothelialization preven-
tion [73, 168]. Also, the extracellular proteases
thrombin, cathepsins, leukocyte elastases and
plasmin can degenerate the TSPs [169].

Autophagy is defined as the intracellular pro-
cess that removes needless cytoplasmatic compo-
nents by lysosomes [144]. To date, the
ubiquitin-proteasome system (UPS) and the
autophagic-lysosomal pathway (ALP) are two
major pathways in charge for most cellular pro-
teins deterioration. Modifications of UPS and
ALP pathways are correlated with the increase of
proteotoxic defective proteins in the heart, a char-
acteristic of frequent heart disease [144]. Acute
ALP inhibition (proteasome inhibition) boost
occasionally ‘intrinsic proteasome peptidase
activities’, but chronic ALP inhibition blocks
UPS pathway functioning in ubiquitinated pro-
tein stage [144]. As a result, autophagy has a sig-
nificant function in proteotoxicity prevention by
the ubiquitin system [144], and chaperones (heat
shock protein-HSP) [145]. Particularly, the co-
chaperones Bag; and HspB8 have significant role
in the heart autophagy by chaperone-assisted
selective autophagy [170, 171]. Regardless of
myocyte death, the gradual decrease of CMs thas
a significant function in CR and could be a poten-
tial target for therapeutic interventions.

4.4  Fibrosis

Just as RV fibrosis is commonly seen in the set-
ting of both severe RV afterload and chronic
pulmonary regurgitation, LV fibrosis is com-
mon in both aortic stenosis and regurgitation
[172—174]. At the site of M1, acute focal fibrotic
scarring provides myocardial healing and pre-
vents rupture [175]. In contrast, chronic diffuse
or focal reactive myocardial fibrosis is a result
of either pressure overload or volume overload

due to persisting hypertension, metabolic dis-
orders, valvular heart diseases, ischemic injury
(in areas remote from the infarction), or diffuse
myocardial diseases, such as cardiomyopathies
[175].

Myocardial fibrosis is defined by dysregulated
collagen turnover characterized by increased
synthesis that dominates over unaffected or
reduced degradation [176, 177] with excessive
diffuse collagen accumulation in the interstitial
and perivascular spaces [178]. For that reason,
the dysregulation of distinct pro- and antifibrotic
factors, including cytokines and chemokines,
growth factors, proteases, hormones, and ROS, is
responsible for the alteration of the collagen
matrix (Fig. 4.11) [179, 180].

The degeneration of collagen turnover takes
place mainly in phenotypically transformed fibro-
blasts, termed MyoFb [79, 181]. The shift of CFs
in MyoFb implies the expression of a-SMA, a
characteristic of SMCs [79, 181-186]. As well as,
the development of a wide active ER stimulated
by a number of bioactive effectors [79, 181-186].
CFs and particularly MyoFb form collagen type
I and III fibrils and develop into cross-linked to
form the final fibres [176]. Collagen cross-linking
is a significant post-translational stage that raises
the resistance of collagen fibres to degradation by
MMPs [187, 188]. Only that, myocardial fibrosis
disrupts the myocardial architecture, contributes
to myocardial disarray, and determines mechani-
cal [189], electrical [190, 191] and vasomotor
[192] dysfunction, thus promoting the progres-
sion of cardiac diseases to HF [175]. Fibrosis is
induced by various genetic disorders, pressure or
volume stress, heart injuries, and other diseases.
There is evidence that depending on the particu-
lar trigger, distinct molecular pathways have
varying importance for the individual types of
fibrosis. As the development of myocardial fibro-
sis is characterized by a complex dysregulation
of a number of different factors including inflam-
matory chemokines, angiotensin II (Ang II), and
endothelin signalling, the FIBROTARGETS con-
sortium that is a multinational consortium with
industrial and academic partners, funded by the
European Commission is primarily aimed for
characterizing novel emerging mechanisms of
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Fig. 4.11 Schematic representation of biochemical and
cellular mechanisms of cardiac fibrosis. Under physiolog-
ical conditions (left), fibroblasts secrete extracellular pro-
collagen chains into the interstitium that assemble into
fibrils and are cross-linked by lysyl oxidase. Several cell
types are implicated in fibrotic remodelling of the heart
either directly by producing matrix proteins (fibroblasts),
or indirectly by secreting fibrogenic mediators (macro-
phages, mast cells, lymphocytes, cardiomyocytes, and
vascular cells). Under pathological conditions (right),
alterations in the matrix environment, induction and
release of growth factors and cytokines, and increase of
mechanical stress dynamically modulate fibroblast trans-

myocardial fibrosis [180]. Targets and biomarkers
under investigation include especially proteins,
proteoglycans, and microRNAs (miRNAs) [180].

In increased volume loading, the RV appears
more prone than the LV to develop fibrosis [63].
Similarly, patients after surgical repair of TOF
who have long-standing RV volume load second-
ary to pulmonary insufficiency develop RV fibro-
sis [172]. This is clinically important as risk
factor for increased propensity to arrhythmias,
exercise intolerance, and RVF [172, 193]. It has
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differentiation into myofibroblasts. Higher collagen cross-
linking results in increased myocardial tensile strength.
Resistance to degradation by matrix metalloproteinases
(MMPs) increases cross-linked collagen, which favours
matrisome expansion. Pink, grey, and green boxes list part
of the secretome of mycocytes, myofibroblasts, and mac-
rophages/leucocytes/mast cells, respectively, that trigger
and maintain fibrosis. Gal-3 galectin-3, /L interleukin,
PDGF platelet-derived growth factor, RAAS renin—angio-
tensin—aldosterone system, ROS reactive oxygen species,
TGF transforming growth factor, TNF tumour necrosis
factor. (From Gyongyosi et al. [179]. It is an open access
article)

been suggested that these differences in response
between the RV and LV to volume loading may
stem from the different embryological origin of
the two ventricles [63].

Several single or multimodal imaging technol-
ogies have been used to assess the extent and type
of myocardial fibrosis. Besides the direct mor-
phological display of the fibrotic tissue, indirect
cardiac functional imaging may evidence fibro-
sis correlated with decrease of systolic function
and increased myocardial stiffness with diastolic



E.Bontas etal.

Fig.4.12 Representative native and T1 cardiac magnetic
resonance imaging (cMRI) of diffuse myocardial fibrosis.
(a) Diffuse myocardial fibrosis on the short-axis view of
the cMRI image, with the circumference of the anterosep-
tal myocardial area (region of interest). (b) cMRI T1 map

dysfunction [175]. Cardiac magnetic resonance
imaging (MRI) provides detailed tissue charac-
terization, identifying focal myocardial fibrotic
scars with late gadolinium enhancement (ventric-
ular LGE) and an estimation of diffuse myocar-
dial fibrosis with post-contrast enhanced T1 and
T2 mapping (Fig. 4.12) [179, 194].

Positron emission tomography (PET) imag-
ing performed by using 'O-labelled water
(H,"0) and carbon monoxide (C'O) allowed
the non-invasive quantification of both myocar-
dial perfusion and fibrosis [195]. Combining
PET and MRI has the potential for sensitive and
quantitative imaging of cardiovascular anatomy
and function with detection of molecular events
at the same time [196, 197]. It’s worthwhile to
specify that PET-MRI (Biograph mMRI,
Siemens AG) image allows the simultaneous
detection of myocardial global and regional
function, ECM volume, and tissue perfusion and
metabolism [198].

Histopathological analysis of endomyocardial
biopsy specimens is the current gold standard for
diagnosis and assessment of cardiac fibrosis. A
number of circulating biomarkers, including
(pro-) collagen cleavage products, processing
enzymes, but also miRNAs (Table 4.3), have

of a patient with moderate aortic stenosis and moderate
diffuse myocardial fibrosis. (¢) cMRI T1 map of another
patient with severe aortic stenosis and severe diffuse
fibrosis of the left ventricle. (From Gyongy®osi et al. [179].
It is an open access article)

been proposed and analysed [179]. Details of
these biomarkers and potential targets have been
described previously including proteins and pro-
teoglycans that impact fibrosis and miRNAs that
act in fibrosis [180]. For their use as cardiac
fibrosis biomarkers, it seems reasonable that a
combination of several from these increases the
predictive power, particularly in the case of miR-
NAs [199, 200].

As aconsequence, the treatment of HF patients
improves clinical symptoms, but does not reverse
fibrosis. Furthermore, the severity of histological
proven myocardial fibrosis has been reported to
be associated with higher long-term mortality in
patients with cardiac diseases, mainly patients
with HF [200, 201].

4.4.1 miRNAs

Genetic variations exist among the RV and
the LV. Drake et al. [71] note the dissimilar-
ity between gene expression patterns in normal
RV and LV in both mRNA and microRNAs
(miRNA) types. More precisely, the transcrip-
tion factor Irx2 is not exhibited in the RV but
insulin-like growth factor 1 (IGF-1) is exhibited
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Table 4.3 Potential circulating biomarkers for assessment of cardiac fibrosis

Biomarker candidates

Role and correlation to fibrosis

Evidence of associatioan
with myocardial fibrosis

ECM formation

1. Procollagen type I C-terminal 1. Cleaved enzymatically from procollagen I 1. Yes
propeptide (PICP) (collagen biosynthesis)

2. Procollagen type I N-terminal 2. Unknown
propeptide (PINP) Unknown

3. Procollagen type III N-terminal | 3. Cleaved enzymatically from procollagen III 3. Yes
propeptide (PIIINP) (collagen biosynthesis)

4. Collagen type I C-terminal 4. Cleaved by MMP-1 (collagen I degradation), | 4. Inconclusive
telopeptide (CITP) PICP:CITP ratio corresponds to

collagen turnover

Fibrolytic enzymes

1. MMP-1 and other MMPs 1. Degrades collagens I, II, and I1I 1. Unknown

2. TIMP-1 and other TIMPs 2. Inhibits MMPs 2. No (TIMP-1),

unknown (others)

miRNAs

1. miR-21 1. Correlation with fibrosis in aortic stenosis 1. Inconclusive

2. miR-29a 2. Correlation of plasma levels with 2. Unknown
hypertrophy and fibrosis in HCM, reduced
cardiac expression

3. miRNA panels 3. Concomitant quantification of several 3. Unknown
miRNAs increases the diagnostic and
prognostic value

Others

1. TGF-p1 1. Promotes myofibroblast transactivation and 1. Inconclusive
ECM synthesis, deactivates macrophages

2. Osteopontin 2. Matricellular protein involved in 2. No association

macrophage regulation

3. Galectin-3

. Galactosamine binding protein associated

with collagen deposition of fibroblasts

. Inconclusive

4. Cardiotrophin-1

4. Cytokine associated with cardiac fibrosis

4. No association

5. Natriuretic peptides

. Triggered by myocardial stretch, correlate

. Unknown

with HF

From Gyongydsi et al. [179]. It is an open access article

ECM extracellular matrix, HF heart failure, HCM hypertrophic cardiomyopathy, miRNA microRNA, MMP matrix
metalloproteinase, TIMP tissue inhibitor of metalloproteinases, 7GF transforming growth factor

mainly in the LV. Moreover, same team made
the assumption that these dissimilarities can be
the result of different embryologic origin or the
RV is a low-pressure chamber compared to the
LV. Also, Reddy et al. [66] demonstrated firstly
that changes in miRNAs exist in RV remodeling
from RVH to RVF and are mostly comparable to
pressure-stressed LV but with separate signalling
regulatory pathways.

RV dysfunction is described entirely in RV
obstruction or PAH [21]. Only that, all patients
with RV dysfunction are put together regardless
of the fact that CHD have various functional,
molecular and cellular remodelling patterns in
the RV [21] (Fig. 4.13). Blood biomarkers, sim-
ilar to plasma proteins and miRNAs represent
an important way to evaluate the function and
remodelling of RV [21]. Heart miRNAs are
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Fig. 4.13 Dysregulated miRNAs in congenital heart
diseases (CHDs). A figure showing the link between
CHD and miRNAs in cardiomyocytes. Small number
of miRNAs are upregulated in cardiomyocyte during
CHD. These miRNAs can be released from the cell in
microvesicles, by incorporation into exosomes, by link-
age to high-density lipoproteins or bound to RNA-binding

constant and quantifiable discharged in the blood
flow as exosomes, microvesicles or joining with
high-density lipoproteins (HDL) and RNA-
binding proteins [21].

There are numerous disrupted miRNAs during
CR and RHF [21, 202-205] (Fig. 4.14). miRNAs
are non-coding single-stranded RNAs formed from
19-24 nucleotides that adjust in the negative way
the exhibition of a particular mRNA via transla-
tional degeneration or suppression [206]. According
to data, there have been shown in children with
VSD in comparison with controls eight various
miRNAs. Particularly, NOTCHI1 is implied in ven-
tricular growth, and GATA4 has an important func-
tion in atrial and ventricular growth, heart partition,
and atrioventricular valve development [21, 207].

A low number of studies have studied the
blood miRNAs in adult patients diagnosed with
systemic RV [21]. Patients with the RV as the SV
after transposition of the great arteries (TGA)

proteins. Dysregulated levels of miRNAs, crucial in RV
development, are found in the bloodstream of children
with VSD. The differentially expressed has-miR-222-3p,
has-let-7e-5p and has-miR-433 bind with specific tran-
scription factors (NOTCH1, GATA4, HAND1 and ZFPM)
associated with RV morphogenesis. (From Iacobazzi et al.
[21]. It is an open access article)

had altered miRNAs profile. On the whole, from
the 24 miRNAs various regulated, miRNA18a
and miRNA486-5p related negatively with sys-
temic ventricular contractility [21, 208]. Also,
miRNA423_5p defined as a biomarker of LVF,
has same expression in healthy adults and in SV
after atrial repair of TGA adults [21, 209].

It seems that gene expression in signalling is
changed in heart growth of children with TOF
[21]. Alteration of VEGF gene expression and of
a number of ECM proteins is established as con-
tributors of TOF [92]. Important inhibition of
genes in the Notch and Wnt pathways implied in
heart growth are also found in children with TOF
[21, 93]. Even if RVH is a component of TOF,
there is a clear molecular difference between
TOF and RVH gene expression, including VSD
and ASD [21]. Whereas TOF children have
unregulated genes for heart growth such as SNIP,
A2BP1 and KIAA1437, RVH has a higher
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Fig. 4.14 Functional role of miRNAs in the normal and
diseased heart. A normal and a hypertrophic heart are
shown in schematic form, depicting miRNAs that contrib-
ute to normal function or pathological remodelling. The
expression of selected miRNAs within the heart is shown,
along with their corresponding functions. All arrows
denote the normal action of each component or process.
miR-1 and miR-133 are involved in the development of a
normal heart (left) by regulating proliferation, differentia-
tion and cardiac conduction. For example, proliferation is
promoted by cell-cycle regulators, but miR-1 and miR-
133 block these regulators, thus blocking proliferation.
miR-208a also contributes to the regulation of the conduc-
tion system. After cardiac injury (right), various miRNAs

expression of genes implied in stress reaction and
cell proliferation [21, 94]. What’s more, there is a
molecular conversion from RV to LV features
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switching
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contribute to pathological remodelling and the progres-
sion to heart failure. miR-29 and miR-21 block and pro-
mote cardiac fibrosis, respectively. miR-29 blocks fibrosis
by inhibiting the expression of ECM components, whereas
miR-21 promotes fibrosis by stimulating mitogen-acti-
vated protein kinase (MAPK) signalling. miR-208 con-
trols myosin isoform switching, cardiac hypertrophy and
fibrosis. miR-23a promotes cardiac hypertrophy by inhib-
iting ubiquitin proteolysis, which itself inhibits hypertro-
phy. Hypoxia results in the repression of miR-320 and
miR-199, which promote and block apoptosis, respec-
tively. ECM extracellular matrix, LV left ventricle, MHC
myosin heavy chain, RV right ventricle. (From Small et al.
[205] with permission)

that appears during RV adjustment to pressure
overload, as a result dysregulated gene pheno-
type from RVH is same with normal LV [21].
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Another study based on cardiac tissues from RV
in CHD [95], found dissimilar miRNAs in RV
outflow tract obstruction (RVOT) in comparison
with RVOT of normal infants [210]. Specifically,
miRNA-424 and miRNA-222 had higher expres-
sion and they correlated with the decrease of
heart growth being correlated with NF1 and
HAS2 genes. Correspondingly, the increased
expression of miR-421 in RV tissue from chil-
dren with TOF is correlated with SOX4 gene nec-
essary for cardiac outflow tract formation
(Fig. 4.14) [21, 211, 212].

miRNA 133a is thought to suppress cardiac
fibrosis and is decreased in LVF secondary to aortic
constriction [213, 214]. This aligns with the marked
upregulation of connective tissue growth factor/
CCN?2 and other profibrotic signalling molecules in
the course of RV and LV fibrosis in models of RV
afterload and RVF [71, 88, 215]. In contrast, miRNA
21 and 34c* may increase during LVF but decrease
in RVF [71]. Reddy et al. [66] investigated miRNAs
during the transition from RVH to RVF and com-
pared these with miRNA expression in LVH or
LVE During RVH, there was altered expression of
miRNAs 199a-3p, which is associated with CM sur-
vival and growth. With the progression to RVF and
switching on the foetal gene phenotype, there was
increased miRNA 208b, miRNA 34, miRNA 21,
and miRNA1, which are associated with apoptosis
and fibrosis [83]. These patterns of miRNA expres-
sion are largely related to LVH and LVF. Conversely,
there are important distinction relating RV and LV
miRNAs linked to cell survival, proliferation, metab-
olism, ECM production, and proteasome malfunc-
tion (miRNA 28, miRNA 148a, and miRNA 93),
which were unregulated in RVH or RVF and down-
regulated or unchanged in LVH or LVF [66].

Common findings in both RVH and LVH are
collagen deposition, fibrosis, and ECM remodel-
ling [216]. The mechanisms inducing fibrosis are
multiple, and in the setting of increased ventricu-
lar afterload, recognized triggers may include
regional ischemia, necrosis, and apoptosis,
among others [176]. There is an important match
of the miRNA expression phenotype in human
HF and foetal hearts in comparison with the adult
normal heart tissue [204]. More studies data are
necessary for a higher knowledge of these sub-

cellular events that can guide to the development
of new ventricle-specific treatments [217].

4.5  Other Factors

Factors that can also contribute to CR comprise
endothelin, cytokines (tumor necrosis factor-
alpha-TNFa and interleukins) [218], oxidative
stress, MMPs, and peripheral monocytosis [219].

Endothelins (ET) are powerful vasoconstrictor
peptides which increase in HF. The endothelin
family of peptides is typically recognized for its
vasoconstrictive properties. There are two known
receptors for ET-1 in the heart, the ETA and ETB
receptors, which have been shown to play differ-
ing and sometimes opposing roles. Importantly,
ET-1 activation of the ETA receptor is known to
increase collagen production in isolated human
CFs [220]. Furthermore, MyoFb isolated from
scar tissue after experimental MI have elevated
levels of ET-1, suggesting an important function
for ET within these cells [221].

ET-1 is a 21-amino acid peptide formed and
discharged by the ECs and it has a quickest
vasoconstrictive effect [222]. Cardiac ET-1 is
active in both autocrine and paracrine effects by
attaching to ETB receptors from cardiac ECs and
ETA receptors from CMs [222]. The attachment
of ET-1 to ETB receptors causes the discharge
of signalling molecules such as NO and pros-
taglandin I, [222]. If ET-1 attaches to the ETA
receptors from CMs, it triggers CM constriction
[222, 223]. As a consequence, there may exist
a feedback mechanism concerning cardiac ECs
and CMs that run CM constriction by the ET-1
system [222]. Also, patients with HF have raised
exhibition of cardiac ET receptors and raised
plasma ET-1 levels, both linked with disease
severity [224]. ET antagonists they will be addi-
tionally efficacious in the treatment of pathologi-
cal fibrosis in the heart [225]. Preliminary trials
in humans had demonstrated beneficial hemody-
namic and cardiac effects in patients with end-
stage HF [226].

Cytokines (tumor necrosis factor-alpha TNFa
and interleukins) are small peptides or glycopro-
teins that are discharged by nucleated cells [227].
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Their temporary discharge adjust immune or
repair processes by controlling cells growth, pro-
cess of differentiating, metabolism, and protein
synthesis [228]. Fibrinogen is an acute inflamma-
tory regulator discharged by hepatocytes trig-
gered by different cytokines. Also, CRP is an
acute-phase reactant synthesized and discharged
largely by hepatocytes in response to the cyto-
kine IL-6. The highest levels of CRP are corre-
lated with MI size but are reduced by early
reperfusion [229]. It seems that IL.-3 is a new bio-
marker of inflammation and can induce the mul-
tiplication of lymphocytes, macrophages,
neutrophils, and monocytes with infiltration of
heart where trigger the discharge of cytokines
from CMs. Moreover, IL-3 can have significant
functions in tissue repair. Understanding better
inflammatory response could offer measurable
ways of immune injury to tissues.

Leukocytosis was studied especially in MI
[230, 231]. The ischemic-reperfusion stage pro-
duces the discharge of oxygen free radicals, cyto-
kines, and other inflammation markers [231].
The presence of leukocytes in the microcircula-
tion is followed by inflammatory reaction [232].
The transfer of leukocytes from blood flow to the
vessel wall with tissue injury and inflammation is
regulated by the selectin family of adhesion
molecules with attachment of leukocytes to the
ECs by involvement of integrins and diapedesis
[233, 234]. Recruitment of leukocytes is medi-
ated by complement triggering, TGF-p, IL-8,
monocyte chemotactic protein-1 (MCP-1), and
platelet activating factor (PAF) [235]. Also, the
collection of neutrophils in the ischemic-reperfu-
sion tissue could discharge proteolytic enzymes
or ROS with further injury of myocytes. ROS
directly injure CMs and vascular cells, and by
triggering cytokines causes inflammation [236,
237]. Marginated neutrophils exert powerful
cytotoxic effects through the adhesion with inter-
cellular adhesion molecule-1 (ICAM-1) express-
ing CMs [235]. CDI11b/ICAM-1 adherence
activates the neutrophils respiratory burst result-
ing in myocyte oxidative injury [235].

Oxidative Stress produces important alteration
of sarcolemmal and sarcoplasmic reticulum (SR)
membrane, causing raise of intracellular Ca*

levels with severe contraction of CMs, followed
by mitochondrial damage and cell death [238,
239]. Specifically, ROS and redox signaling have
an important function in apoptosis, including
upstream signaling pro-apoptotic pathways and
the mitochondria [240, 241]. There are signaling
pro-apoptotic pathways that comprise the activa-
tion of ASK-1, INK, p38MAPK, and CaMKII, as
well as signaling anti-apoptotic pathways, such
as Akt, Bcl2, and HSPs [241].

The cell resources of ROS comprise mito-
chondrial respiratory chain enzymes, xanthine
oxidases (XOs), lipoxygenases, myeloperoxi-
dases, uncoupled nitric oxide synthases (NOSs),
and Nox proteins [242, 243]. Moreover, the
important sources of ROS in the cardiovascular
system comprise mitochondria, NADPH oxi-
dases, NOSs, xanthine oxidases, cytochrome
P450-based enzymes, and infiltrating inflamma-
tory cells [243]. ROS are represented by free
radicals (species with one or more unpaired elec-
trons) such as superoxide (O2'") and hydroxyl
radicals (OHe), and nonradical species such as
hydrogen peroxide (H,O,) [243]. In healthy
adults, production of ROS is inhibited by enzy-
matic and nonenzymatic antioxidant systems that
decrease ROS levels with preserving of a right
redox balance in cells and tissues [243].

The first report of the presence of NADPH
oxidases in human myocardium is of Heymes
et al. [244]. NADPH or NADH-dependent ROS-
generating activity are existent in nonphagocytic
cell types [243], including VSMC [245, 246],
ECs [247, 248], adventitial and CFs [249], and
CMs [250]. Noxs are multi-subunit transmem-
brane enzymes that use NADPH as an electron
donor to decrease oxygen to superoxide anion
(O*7) and hydrogen peroxide (H,0O,) [243].
Firstly, Noxs were described in phagocytes with
the description of the Nox2 isoform that it also
named gp91°r°¥) [243, 251]. The rest comprise 6
other family members each coded by dissimilar
genes, identified as Nox1, Nox3, Nox4, Nox5,
dual oxidase 1 (Duox1), and Duox2 [243, 252~
254]. All forms of Nox proteins demonstrate
21-59% similarity to Nox2, from which Nox3 is
most alike with Nox2 and Nox5 mostly unrelated
[243].
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Fig. 4.15 Structure of NADPH oxidase in the heart.
NADPH oxidase complex is composed of two major com-
ponents. Plasma membrane spanning cytochrome b558
composed of p22°'* and a Nox subunit (gp91°7h°* (Nox2),
Nox4) and cytosolic components composed of four regu-
latory subunits (p47P"%, p67 Phox, p40 Phox and Racl). The
low molecular weight G protein racl participates in
assembly of the active complex. Upon activation, cyto-
solic components interact with cytochrome b558 to form

Therefore, the NADPH oxidase (Nox) family
(Fig. 4.15) is formed from 7 catalytic subunits
termed Nox1-5 and Duox1 and Duox2 (for Dual
Oxidase), regulatory subunits p22Phx, p47Phox or
Noxol, p67°** or Noxal, p40Ph*, Further, the
Noxl1, 2, 4 and 5 enzymes are existent in normal
cardiovascular tissues, and trigger the progres-
sion of cardiovascular disease. Nox enzymes are
located in VSMCs, ECs, adventitial fibroblasts,
macrophages, CMs and fibroblasts, plus adipo-
cytes and stem cells. They are associated with
hypertension, atherosclerosis, HF, ischemia
reperfusion injury and CR, but upregulation can
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an active NADPH oxidase enzyme complex, resulting in
release of -O>~. The primary Nox subunit isoforms in car-
diac cells are Nox2 and Nox4. Nox4 oxidase localizes
intracellular organelles around the nucleus. The activity of
Nox4 results in the direct release of hydrogen peroxide
(H,0,) in mitochondria. The mechanisms underlying the
generation of hydrogen peroxide by Nox4 oxidase are yet
to be fully characterized. (From Kayama et al. [255].
It is an open access article)

be physiologically beneficial such as in angio-
genesis [243, 244,255, 256]. The acutely upregu-
lation of cardiovascular NADPH oxidase activity
by a large various patho-physiological stimuli
comprise [243] (a) G-protein coupled receptor
agonists such as Ang Il and ET-1; (b) growth fac-
tors such as VEGEF, thrombin, PDGEF, and EGF;
(c) cytokines such as TNF-f, IL-1 and TGF-f; (d)
metabolic factors such as elevated glucose, insu-
lin, free fatty acids, and advanced glycation end
products (AGE); (e) oxidized LDL, lysophospha-
tidylcholine, and hypercholesterolemia; (f)
mechanical forces such as oscillatory shear
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stress; and (g) ischemia-related stimuli such as
nutrient deprivation, membrane depolarization,
flow cessation, hypoxia—reoxygenation, and isch-
emia [243].

Nox2 and Nox4 are the mainly isoform
exhibited in CMs. Triggered Nox2 is mainly
exhibited at the plasma membrane [244].
According to data, Nox derived ROS are implied
in CM apoptosis. Pro-apoptotic signaling path-
way and generation of CaMKII in pro-apoptotic
signaling pathway are triggered both by Ca*',
by Nox2-derived ROS, and downstream of Ang
II [257]. Norepinephrine, aldosterone, and
doxorubicin are also reported to promote CM
apoptosis through the activation of Nox2 [258—
260]. Contrary to Nox2 function in Ang
II-induced cardiac hypertrophy, Nox2 is not
implied in cardiac hypertrophy induced by
pressure overload (Fig. 4.16) [261]. The major
agonists and stimuli of Nox2 activation in CMs
and ECs comprise G-protein coupled receptor
agonists (GPCRs) such as Ang II and ET-1,
growth factors, cytokines (TNF-a), mechanical
forces, metabolic factors (glucose, insulin),
glycated proteins [262], and oxidized low-den-
sity lipoprotein (ox-LDL) (Fig. 4.17) [261, 263,
264]. To sum up, evidence supports different
functions for Nox2 and Nox4 in hypertrophic
reaction to pressure overload [243]. Important
redox-sensitive downstream signaling path-
ways in the heart that can be affected by
NADPH oxidase activation such as RAS, the
MAPKs (p38MAPK, ERK1/2, JNK), c-src,
p90RSK, the PI3 kinase (PI3K)/Akt pathway,
AP-1, NF-xB, HIF-1, and others [243].

In case of RV, metabolic and ischemic mod-
ifications typical to RV remodelling are also
correlated with accumulation of ROS [21, 265]
(Fig. 4.18). The presence of ROS activates the
cellular and molecular modifications with
decrease of contractile function, lacking of
energy production and fibrosis. Alteration of
SM channels by oxidative stress produces
damaging of RyR2 activation and decrease of
sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) activity, as a result appears tempo-

rary malfunction of myocyte Ca** and contrac-
tile dysfunction [21, 92]. Additionally,
increased ROS amounts cause conversion of
nitrotyrosine rests in TIMPs and discharge
active MMPs with CR and fibrosis [21, 266].
To date, vivo studies with histological exami-
nation of collagen content in RV samples from
pulmonary artery showed a significant raise of
ROS, important collagen deposition with high
levels of MMP-2, MMP-9 and MMP-13 and
diminished  TIMP-4  protein  amounts.
Additionally, ROS are second messengers
within CMs for numerous signalling molecules
(ATII, TGFp1, TNFa and ET-1) to generate
hypertrophic pathways including MAPKs,
PKC and Src [21, 62]. Taken together, raised
amounts of ROS can damage cellular, molecu-
lar and structural components with CR and
failure. It is important to underline that malo-
ndialdehyde levels represent an indirect index
of oxidative stress and are notably elevated in
the RV in comparison with the LV. To sum up,
these features support a decreased resistance of
RV in oxidative stress being a contributor in
the development of HF [267].

Peripheral Monocytosis is a sign of mono-
cyte and macrophage infiltration of the necrotic
myocardium which arises two to three days
after an acute MI. Likewise, a higher peak
monocyte level is related with a larger LV end-
diastolic volume and inferior LVEF. It was
shown that a peak monocyte count >900/pL
independently predicts HF, LV aneurysm for-
mation, and cardiac events [219]. It should be
stressed that monocytes have the capacity to
generate and discharge inhibitory mediators of
inflammation such as IL-10 and TGF-f [268].
There are varied monocytes with different
functions in inflammatory response showed in
humans such as CD16-monocytes that exhibit
important amounts of CCR2 with pro-inflam-
matory properties same to murine Ly6Chi cells
[268]. Further, inhibition of inflammatory sig-
nal pathways is correlated with Ly6Clo/
CX3CR1hi monocytes entrapment that gener-
ates angiogenic mediators with infarct healing.
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Fig. 4.16 Representative immunofluorescence micro-
graphs of human heart sections labeled for the nicotinamide
adenine dinucleotide 3-phosphate (reduced form) oxidase
subunit gp91°'x. Panels a, ¢, e, and g show nonfailing heart
tissue and panels b, d, f, and h show end-stage failing tis-
sue. Transverse (a, b) and longitudinal (¢, d) sections

labeled for gp91°"* show increased labeling in end-stage
heart failure. Labeling for alpha-actinin (e, f) shows a typi-
cal intracellular pattern of myocyte costamer and interca-
lated disc labeling. Panels g and h show suprerposition of
gp91°'* and alpha-actinin labeling. All scale bars = 20 pm.
(From Heymes et al. [244] with permission.)




4 Basic Aspects of Cardiac Remodelling 17
RAAS Pressure overload
NADP*  NADPH NADP*  NADPH
FIBROSIS HYPERTROPHY FIBROSIS CONTRACTILE
DYSFUNCTION

Fig. 4.17 Schematic illustrating involvement of Nox2
NADPH oxidase in the cardiac response to activation of
the renin angiotensin aldosterone system (RAAS) or to
chronic pressure overload. Hypertrophy in response to
short-term RAAS activation is dependent upon Nox2,

On the other hand, in patients with ST eleva-
tion MI, CD14+/CD16-cells have an early peak
and are negatively correlated with heart recov-
ery [269].

4.6 Factors Influencing Cardiac
Remodelling
4.6.1 Myocardial Infarction

It is the most frequent condition in which CR
comes about. Taken together, heart ischemia
leads to ‘necrotic cell death’. Further, the post-
MI evolution implies apoptosis, inflammation,
ECM remodelling, fibrotic scar formation, pro-
liferation and differentiation of MyoFb, angio-
genesis, and scar maturation [21]. All these
reactions are determined to cause healing on
short term, but they produce evolution to HF on
long time. Therefore, after MI occurrence, the
poor evolution continues with additional CR,

whereas the hypertrophic response to pressure overload is
not. However, Nox2 is essential for the development of
interstitial fibrosis in response to either stimulus. (From
Murdoch et al. [261] with permission.)

hypertrophy, dilation, and systolic dysfunction
[21, 73].

A number of innate immune pathways are
triggered in MI [149]. It appears the produc-
tion of “damage-associated molecular patterns
(DAMP)” by necrotic cells that further trigger
membrane-bound “Toll-Like Receptors” (TLRs)
[270, 271]. Also, among others innate immune
pathways such as the “High mobility group
box 17 (HMGBI), the “receptor for advanced
glycation end-products” (RAGE) [21, 272]
and the complement system are also triggered
in the onset of inflammation after MI [21]. As
a result, ROS are produced at ischemic injury
with further activation of inflammatory signals
pathways and myocardial dysfunction [149].
All triggered “innate immune pathways” set off
Nuclear Factor NF-kB with further initiation of
inflammatory cytokines and chemokines [273].
As already described, pro-inflammatory cyto-
kines significantly modulate the inflammatory
reaction to cardiac ischemic injury. IL-1 triggers
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Fig. 4.18 ROS-induced intracellular changes in cardio-
myocyte. The increased intracellular ROS levels occurring
in RV pressure overload affect several cardiomyocytes
functions. ROS can stimulate pro-hypertrophic pathways
by targeting key molecules in this process, such as MAPK,
PKC and Src proteins. The redox-mediated activation of
target transcription factors (HIF-la, cMyc and FOXO1)
might be responsible for the abnormal PKD activation,
which inhibits mitochondrial oxidative metabolism, lead-
ing to mitochondrial dysfunction. Sustained ROS levels
cause mPTP opening and mitochondrial membrane depo-
larisation. As a consequence, more ROS are produced and
cytochrome c is release from mitochondria causing cell
apoptosis. HIF-1a activation also decreases the activity of
the O2-sensitive Kv channel (Kv1.5), resulting into mem-
brane depolarisation and elevation of cytosolic Ca2+. The
surplus of cytosolic Ca2+, in addition to the excessive Ca2+
released from the sarcoplasmic reticulum, as a consequence
ROS-mediated RyR2 channel activation and SERCA inhi-
bition, contributes to myocytes contractile dysfunction.

chemokines production in MI with entrapment
of leukocytes [274]. An inactive precursor
named pro-IL-1p generates active IL-1p by the
converting enzyme caspase- 1. Further, caspase-1
function is strongly controlled in multiprotein
complexes named “inflammasomes”, which fur-
ther monitor production of IL-1f [275]. In MI,
“inflammasome” initiation is restricted only in
leukocytes and CFs with IL-1-mediated inflam-
matory cell infiltration and cytokine production
[276]. ROS production and K* efflux have a sig-

.4. Membrane depolanzatlon‘
B

ROS are also responsible for the MMPs/TIMPs imbalance
that drives ECM remodelling and fibrosis. Antioxidant
compounds, like Folic acid or EUK-134, by scavenging the
ROS in excess, can help restore the impaired cardiomyo-
cyte function. Furthermore, DCA can restore ROS produc-
tion and mitochondrial membrane potential by inhibiting
PDK and thereby improving glucose oxidation. “Upwards
arrow” indicates increase in levels; “Lowerwards arrow”
indicates decrease in level. ROS reactive oxygen species,
PCK protein kinase C, MAPK mitogen-activated protein
kinase, mPTP mitochondrial permeability transition pore,
PDK pyruvate dehydrogenase kinase, HIF hypoxia-induc-
ible factor, FOXO1 Forkhead box protein O1, cMyc v-myc
avin myelocytomastosis viral oncogene homologue, RyR2
ryanodine receptor 2, Kv 1.5 potassium voltage channel, SR
sarcoplasmic reticulum, SERCA sarcoplasmic reticulum
Ca2+-ATPase, MMP matrix metalloproteinases, TIMP tis-
sue inhibitor metalloproteinases, ECM extracellular matrix,
DCA dichloroacetate, PKD protein kinase D. (From
lacobazzi et al. [21]. It is an open access article)

nificant function in inflammasome triggering
from CFs. Importantly, chemokines activation
is a significant finding of post-MI inflammation
[277]. The activation of chemokines receptors
from leukocytes in MI exhibit a chemokines
profile that controls the composition of the leu-
cocytes infiltrate. Therefore, neutrophils are trig-
gered firstly in MI followed by monocytes and
lymphocytes. Apoptotic neutrophils as nega-
tive mediators of inflammation are exposed in
Fig. 4.19 [149].
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Fig.4.19 The role of neutrophil clearance in suppression
of the inflammatory response. Abundant neutrophils infil-
trate the infarcted myocardium. Neutrophils are short-
lived cells that undergo apoptosis; dying neutrophils may
contribute to repression of the post-infarction inflamma-
tory response through several distinct mechanisms. First
apoptotic neutrophils may release lactoferrin, an inhibitor
of granulocyte transmigration. Second, during clearance

The activation of neutrophils in the MI trig-
gers apoptosis. Shortly, they are eliminated in MI
by macrophages which activate powerful inhibi-
tory pathways. Mediators such as TNF-a and
IL-1P can maintain activated neutrophils in MI
[278]. On the other hand, within 3—7 days after
MI, the neutrophils undertake apoptosis [279].

4.6.2 Changesin Hemodynamic
Load

In case of patients with anterior MI, the early LV
dilation may be increased, as well as ventricular
hypertrophy turns up to be a late and restricted
modification during the first year [41]. Generally,
the outcome of ongoing CR with ventricular dila-
tion and abnormal ventricular hypertrophy causes
a significant growing in total LV wall tension [41,
280]. As it will become evident, triggering of
wall stress can activate further an amount of
mechanisms that in the absence of any efficient
therapy may cause further CR with progressive
HF [50, 281].
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of apoptotic neutrophils, macrophages secrete large
amounts of anti-inflammatory and proresolving mediators
including IL-10, TGF-f and lipoxins. Third, expression of
decoy cytokine receptors by neutrophils may promote
cytokine scavenging. Increased expression of chemokine
receptors (such as CCRS5) in apoptotic neutrophils may
serve as a molecular trap for chemokines terminating their
action. (From Frangogiannis [149] with permission)

4.6.3 Blood Pressure

Correspondingly, high blood pressure (BP) trig-
gers structural modifications in the LVH with
interstitial alterations, which further may pro-
duce diastolic dysfunction with HF. Additionally
the functional effect of pressure overload hyper-
trophy may be determined by the features of the
CR process. For example, if remodelling is
eccentric with LV dilatation with normal relative
wall thickness and raised wall stress [282], HF by
a functional damage was described. On the other
hand, HF does not occur in animals with concen-
tric CR defined as normal chamber volume,
raised relative wall thickness and normal wall
stress. Previous hypertension may be related with
extensive damaging CR and progression of HF
after MI. This finding was shown by Richards
et al. in 1093 patients, where 68% experienced
serial neurohormonal sampling and assessment
of LV function one to four days and three to
5 months post-MI [283]. In this study, in com-
parison with normotensives, hypertensive
patients had significantly higher plasma levels of
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neurohormones at serial sampling with a signifi-
cantly enhanced raise in LV volumes by remodel-
ling at five months. Conversely, only normotensive
patients had a recovery in LV ejection fraction at
five months. Also, previous diagnosis of hyper-
tension was related with a greater risk of HF
necessitating hospitalization at a mean follow-up
of two years (12.4 versus 5.5% in normotensives)
[283]. Moreover, Cingolani et al. discovered that
TSP-4 from CMs, adjusts cardiac contraction
function to acute stress and it has a major role in
chronic CR and HF [21, 284].

4.6.4 Neurohormonal Activation

Progressing HF is connected with an initially
compensatory neurohumoral activation that may
be a factor to the development of the structural
defects. Both the sympathetic system and the
renin—angiotensin—aldosterone system (RAAS)
are implied in CR. Triggering of both systems
turns on intracellular signaling pathways that
increase the production of protein in CMs and
CFs, with hypertrophy, fibrosis, switching on of
growth factors and MMPs [285-287]. Moreover,
it appears hemodynamic overload by vasocon-
striction and water retention, raise of oxidative
stress activity with direct cytotoxic effect, and
apoptosis [285-287]. Therefore, the inhibition of
these systems can has a major therapeutic role in
attenuation or prevention of CR. Unfortunately,
elevated plasma norepinephrine, renin activity,
and antidiuretic hormone levels [288, 289] are
indicators for poor survival in these patients
[290]. Even if, neurohumoral activation is firstly
adjustable, it is damaging over the long term by
pathologic remodelling, especially in case of Ang
IT and norepinephrine [291]. The studies data are
most convincing for the activation of the
RAAS. Also, the plasma BNP concentrations are
raised in progressive HF and interrelated with
prognosis [292]. In spite of this, the release of
BNP from myocytes in HF may defend against
pathologic remodelling [293].

The RAAS has a significant function in the
control of BP and electrolyte equilibrium. Within
RAAS, Ang II produces triggering of sympa-

thetic nervous system with vasoconstriction,
sodium and water retention, and anorexia [294].
The damaging effects of RAAS in cardiovascular
tissues cause CR by local triggering of the RAAS
with autocrine and paracrine mechanisms [295—
297]. Mainly, the pathophysiological effects of
Ang IT in the cardiovascular system are controlled
by a member of the GPCR family termed the 7
transmembrane (TM7) spanning AT1 receptor
[296, 298, 299]. According to recent data, the
mechanical stress together with systemically and
locally Ang II cause by the triggering of AT1
receptor, cardiac hypertrophy [295-297, 300]. It
seems that studies with the AT1 receptor blockers
(ARBs) as candesartan showed that switching off
of triggered AT1 receptor by mechanical stress,
notably reduced hypertrophic reaction in cultured
CMs [301-303]. Therefore, mechanical stress
causes cardiac hypertrophy in vivo by initiation
of the AT receptor with no correlation of Ang II
[295, 296].

Mechanical stretch and Ang II by attachment
to the AT1 receptor causes to its structure to
switch on with occurrence of Cys residues inside
the ligand-binding pocket. Further, if mechanical
stress continues, TM7 undertakes a counter
clockwise rotation with a modification in the
ligand-binding pocket [304]. It is not determined
exactly by current studies the mechanisms by
which mechanical stress activates the AT1 recep-
tor perceives its structure change, preparing for
dissimilar initiation of particular intracellular sig-
naling mediators [303].

4.6.5 Role of Angiotensin Il

Significance of angiotensin II (Ang II) in patho-
logic CR is demonstrated by data of large trials in
humans that have been shown that angiotensin-
converting-enzyme inhibitors (ACEI) increase
survival in HF by decrease or even reverse of
some parameters of CR [305, 306]. Shortly, Ang
IT is produced and has locally and systemically
effects. So that, mechanical stretch directly boost
Ang II release from CMs [301]. Also, Ang II
seems to sustain directly CR. Previous studies
have been showed that human CFs cultured from
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cardiomyopathic and ischemic hearts have on
CMs the expression of AT1 receptors [307, 308].
In fact, these CFs reply to Ang II with raise of
collagen production by activation of AT1 recep-
tor [309-311]. Despite the fact that Ang II is pro-
duced locally or systemically, it may directly
support CR. In fact, these CFs may reply to Ang
II with AT receptor-mediated collagen synthesis
[309-311]. On the other hand, Ang II acts via the
AT1 receptor with boosting of protein synthesis
and results in hypertrophy of CMs [309]. Both
ACEI and Ang Il receptor antagonists can reverse
remodelling in HF [212].

Aldosterone secretion is increased by Ang II,
and also may be a factor in CR. The heart con-
tains mineralocorticoid receptors and takes out
aldosterone after a MI, supporting the post MI
remodelling [312]. Moreover, the secondary
hyperaldosteronism commonly seen in patients
with HF may participate to cardiac hypertrophy
and fibrosis [313, 314]. It should be stressed that
the benefit effects connected with spironolac-
tone or eplerenone, which both link the miner-
alocorticoid receptor may result with diminished
fibrosis [315].

4.6.6 Energy Metabolism
and Cardiac Remodelling

Ischemia, pressure and volume overload are forms
of stress that activates human heart to adapt its
metabolic function to use glucose instead of the
free fatty acids [316]. It seems that free fatty acids
provide the highest quantity of ATP to human
heart [317]. On the other hand, the glucose metab-
olism needs a reduced amount of oxygen consum-
ing for same quantity of ATP synthesis, being the
most effective alternative in highest metabolic
states such as short-term of severe cardiac stress
[318]. As a rule, in normal heart, free fatty acids
are the main energy substance representing about
60-90% of energy reserves. Both free fatty acids
and glucose metabolites undergo B-oxidation and
glycolysis in the citric acid cycle, resulting in
FADH?2 and NADH. Finally, the obtained energy
is accumulated and carried as phosphocreatine
(Fig. 4.20) [319].

During stress is stopped the normal inhibition
of glucose oxidation by free fatty acids [303]. It
seems that the nuclear receptor peroxisome pro-
liferator-activated receptor-a (PPARa) is a
significant contributory factor that changes from
fatty acid metabolism to glucose metabolism
[316, 320]. Further, Karbowska et al. showed on
ventricular biopsies from 5 patients a 54% fall of
PPAR« protein levels in end-stage HF in com-
parison with controls [316, 321]. Therefore, CR
implies cardiac dysfunction with energy loss due
to the disproportion from the oxygen reserve and
use, with a diminished free fatty acids oxidation
and raised glucose oxidation [316]. In addition,
p-oxidation fall leads to deposit of triglycerides
and lipotoxicity, mitochondrial dysfunction
[316]. Altogether, these modifications causes for
myocardial proteins further low levels of energy
reserves with oxidative stress and ROS, with
their sides effects (Fig. 4.21) [316, 321-324].

In case of RV, the metabolism data is from the
LV studies. As already described, the RV has
smaller afterload than the LV due the decreased
pulmonary vascular resistance [316]. Even if, RV
and LV have similar stroke volumes, the RV has
near 25% from the stroke volume of the LV
because of the low PVR [316, 325]. Extensive
“transcriptional, translational and energetic” dis-
turbances to physiologic and pathophysiologic
stress occur in RV. The conversion from pressure
overload and volume overload to cardiac hyper-
trophy and later RVF is correlated with the switch
from free fatty acids to glucose metabolism for
ATP production. As a result, the RVF is an
energy-deprived state with deficient ATP
amounts. For this reason, PET using specific
radioactive tracers provides a complete descrip-
tion of RV metabolism [316]. These metabolic
differences might corelate with the dissimilarities
in ventricular wall stress and intraventricular
pressure dynamics (Fig. 4.22) [316].

To sum up, metabolic alteration in the hypertro-
phied RV imitates metabolic alteration of the
hypertrophied and failing LV [316]. Nagaya et al.
[326] studied 21 patients with RVH due to PH by
using magnetic resonance spectroscopic imaging
(MRSI) that associates cardiac structure with met-
abolic function. They found important RV con-
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Fig. 4.20 Schematic representation of classic pathways
of cardiac metabolism. Substrates are transported across
the extracellular membrane into the cytosol and are
metabolized in various ways. For oxidation, the respective
metabolic intermediates (e.g., pyruvate or acyl-CoA) are
transported across the inner mitochondrial membrane by
specific transport systems. Once inside the mitochon-
drion, substrates are oxidized or carboxylated (anaplero-
sis) and fed into the Krebs cycle for the generation of
reducing equivalents (NADH2 and FADH) and GTP. The

traction dysfunction in patients with altered
myocardial free fatty acid metabolism. Further, in
a study of 16 patients with idiopathic PAH,
Bokhari et al. proved that PET imaging is for
determining myocardial glucose assimilation and
use [316, 327]. They demonstrated that RV glu-
cose usage is associated with hemodynamic
parameters such as mean PA pressure, doubtlessly
implying that RV dysfunction is switched on myo-
cardial glucose metabolism and being a sign of RV
dysfunction. Can et al. [328] have been demon-
strated same features on 23 patients with PAH and
16 healthy controls evaluated by PET. Their results

reducing equivalents are used by the electron transport
chain to generate a proton gradient, which in turn is used
for the production of ATP. This principal functionality can
be affected in various ways during HF thereby limiting
ATP production or affecting cellular function in other
ways (see text and further Figures for details). /MS mito-
chondrial intermembrane space, GLUT glucose trans-
porter, FAT fatty acid transporter, MPC mitochondrial
pyruvate transporter. (Illustration Credit: Ben Smith).
(From Doenst et al. [319] with permission)

established that raised fludeoxyglucose ('3F)
increase in the RV myocardium were connected
with raised RV loading conditions and with the
existence of elevated pulmonary artery pressures
but not with their stage [316, 328].

Also, MRSI for the study of myocardial triglyc-
eride load demonstrated an accurate statistically
significance correlation with triglycerides from RV
biopsy [316, 329]. Currently, no other study tried to
measure in the RV the lipid transitional products.

It is not determined if cardiac metabolic altera-
tions maintain during the development of RVH,
that is characterized by important decrease of CO,
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Fig. 4.21 Overview of metabolic remodeling and pro-
posed mechanisms linking it to other processes in the pro-
gression to HE. Metabolic pathways are blue. Bold lines
indicate pathways/processes that are increased or domi-
nant. Thin lines represent pathways/ processes that are
decreased. The question marks imply unknown causes/
effects. In general, metabolic remodeling in cardiac hyper-
trophy and failure is characterized by a shift away from
energy production to activation of biosynthetic pathways
required for structural remodeling processes such as ven-
tricular hypertrophy and fibrosis. Particularly, fatty acid
oxidation is decreased and may not be sufficiently com-
pensated given the lack of increase in glucose oxidation.
These alterations and further mitochondrial defects result
in ATP depletion. Instead of being oxidized, pyruvate may
be preferentially used for anaplerosis to maintain Krebs
cycle moieties, which might be increasingly channeled

increase of RV filling pressure and raised fibrosis
[21, 330]. Consequently, RVH is correlated with
increased mitochondrial ROS, which downregu-
lates HIF1a and triggers pS3 pathways, in the end
with dysregulated pyruvate dehydrogenase kinase
(PDK) and diminished glucose uptake [21, 331].

o

damage

—

into protein synthesis. Hypertrophic mediators such as
MAPKSs and NFAT are activated as a result of increased
mitochondrial ROS and flux through the HBP, respec-
tively. Overproduction of mitochondrial ROS causes oxi-
dative damage. Although the flux through the PPP is
increased, anti-oxidative defense might be inadequate due
to the consumption of NADPH by the anaplerotic malic
enzyme. Mitochondrial damage and ATP depletion may
stimulate autophagy. Increased activity of autophagy and
the UPS may contribute to hypertrophy by providing
amino acids and other metabolites. Increase in mitophagy
may trigger myocardial inflammation by releasing mito-
chondrial DNA. H hexosamine biosynthetic pathway
(HBP), P pentose phosphate pathway (PPP), G glycolysis,
A anaplerosis, O oxidation, ETC electron transport chain,
ROS reactive oxygen species, UPS ubiquitin-proteasome
system. (From Doenst et al. [319] with permission)

ATP

Raised PDK expression is a frequent feature in
RVH during glucose oxidation, as a result there is a
decrease in mitochondrial respiration [21, 330]. A
number of clinical trials directed on molecular dys-
function in RVH and RV failure are undergoing,
even if the precise outcomes for pharmacologic
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Fig.4.22 Right ventricular metabolism. (From Altin et al. [316] with permission)

involvements on RV abnormal metabolism are not
determined [316].

4.6.7 Electrical Remodelling
in Cardiac Remodelling

As already been described, the functional, struc-
tural, and electrical modifications of CMs to stress
described by hypertrophy, HF, and ischemia
define CR, which disposes to raised occurrence of
ventricular ectopy and arrhythmias. “Arrhythmia-
induced changes in the electrophysiological prop-
erties of heart tissue which predisposes to an
increased frequency of ventricular ectopy and
arrhythmias are referred to as electrical remodel-
ling” [332].

Specifically, Na*-Ca** exchanger (NCX)
mediates intracellular Ca®* concentration and its
activity is controlled by intracellular concentra-
tions of Ca?* Na*, ATP, pH, and phosphorylation
of NCX, all being modified in HF [332].
Therefore, HF with contractile dysfunction and

arrhythmogenesis may be explicated by ampli-
fied NCX and diminished SERCa?a function,
consequently with raised Ca** discharge from
CMs and delayed afterdepolarizations [332—
334]. Also, during cardiac diastole dysfunction,
NCX sustains Ca’* transportation from intracel-
lular space and diminishes SERCa’"a function
[332, 333]. It has to be underlined, that NCX
activity is mediated in cardiac hypertrophy, func-
tion sustained by diminished NCX activity but
with raised NCX protein and transcript levels
[332]. It seems that calcineurin inhibition weak-
ens the boost of NCX1 transcript and protein lev-
els correlated with pressure overload, advocating
that calcineurin is vital in the adjustment of
NCXI1 transcript synthesis and degeneration
[332, 335].

Also, there is a diminished expression and
function of Na*-K*ATPase in HF [332, 336] that
make susceptible cardiac tissue to arrhythmias by
raised action potential duration, and increased
depolarizing current, and extracellular K* [332].
According to experimental cardiomyopathic
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studies, ETA receptor blockers demonstrated to
stop electrical remodelling and ventricular
arrhythmias by diminishing K* and Ca®* current
expression, rising QT interval and action poten-
tial duration [332, 337].

Electrical anisotropy caused by myocardial
fibrosis and modifications of intracellular Ca**
could produce the electrophysiological remodel-
ling and arrhythmias from hypertrophy [332].
Further, modification of the collagen amount,
type, and cross-linking is correlated with myo-
cardial fibrosis and CR with electrophysiological
abnormalities [338].

RVH, dilation, and septal displacement also
create RV dyssynchronous motion [339-341] and
dyssynchronous RV-LV contraction [341-343].
Delayed RV lateral wall contraction and interven-
tricular dyssynchrony in PAH are not related to
QRS duration or abnormal electric activation such
as left bundle-branch block but rather to RV wall
stress, septal shift, LV end-diastolic volume, and
stroke volume [342, 343]. These ventricular-ven-
tricular interactions almost certainly increase the
ratio of systolic to diastolic duration because
interventricular dyssynchrony is related to length-
ening of the RV contraction [343].

To sum up, existing data supports that myocar-
dial hypertrophy form determines the electrical CR
and the reverse of it [332, 344]. Nevertheless, in
pressure-overload states with reverse of hypertro-
phy is correlated with the reverse of the electrical
remodelling [345-347]. However, the dissimilarity
between the reverse of electrical remodelling in
pressure-versus volume-overload states is unknow-
able [332]. Both structure and electrical CR should
be regarded as independent clinical disorders [332].
The assessment of risk factors for arrhythmias has
a significant function in the regress of hypertrophy
and the electrical CR [347].

4.6.8 Coronary Vascular
Remodelling in
Cardiac Remodelling

Coronary vascular remodelling causes adjustable
reactions such as the rapid adaptation of vessel
diameter by modifications in smooth muscle tone,

changes in vessel diameter structure, adding or
elimination of vessels by “angiogenesis (sprout-
ing/splitting)”, or “vascular pruning” [348]. It
important to underline that physiological vascular
adaptation keeps an appropriate perfusion, but
vascular maladaptation takes place in disorders
such as hypertension [348]. Also, regulatory
mechanisms in larger vessels are different from
microcirculation that has a vital role in physiolog-
ical vascular adaptation and pathological states
[348]. Generally speaking, growing of size and
number of microvessels during exercise or involu-
tion with microvascular remodelling because of
constant decline of physical activity appear [349].
Reduction of epicardial arteries with hemody-
namic- and metabolic modifications causes pro-
cess of collateralization or arteriogenesis defined
by “structural enlargement of arteriolar vessels
and arterio-arterial anastomoses” [348, 350].

As a result, constant chronic remodelling of
coronary vessels leads to over-prolonged modifi-
cations of vessels diameter with or without shifts
in wall mass (Fig. 4.23) [348, 352, 353].
Therefore, coronary vessels adjust to mechanical
stimuli, such as fluid shear stress acting on ECs,
circumferential wall stress and metabolic signals
[348, 354, 355].

Essentially, exposure of the LV to afterload
stress causes firstly the development of new cap-
illaries or angiogenesis, to sustain the raised
blood flow of hypertrophied CMs. In case of
angionesis are implied raised production of the
proangiogenic factors hypoxia HIFla and
VEGE. If the LV starts to fail, the capillary den-
sity starts to decrease. On the other hand, the cap-
illary density of the RV reduces with the
beginning of pressure overload upsurge. RVF is a
frequent side effect of chronic RV pressure over-
load with progression to RV ischemia.
Specifically, increased pulmonary arterial pres-
sure boosts RV wall tension and oxygen demand
in correlation with alteration of coronary blood
flow. For instance, Eisenmenger’s syndrome pro-
duces a level of RV afterload same to idiopathic
PAH, only that the survival is longer with latent
overt RVF [356]. In addition, PAH during diag-
nosis protocol have different degrees of RVF
even if the RV afterload is highly developed.
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Fig.4.23 Mechanisms and models of vascular remodel-
ling. Left: Signals for vascular adaptation include wall
shear stress at the endothelial surface (f), circumferential
wall stress (s), and metabolic signals. Metabolic signals
maybe elicited by low oxygen availability and act as vaso-
dilators and stimulate vascular growth, or they could be
vasoconstricting mediators produced at high oxygen par-
tial pressures but in decreasing amounts with decreasing
pO2. Metabolic substances are convected downstream,

4.7 Reverse Cardiac Remodelling
CR can be reversed with maximized therapy that
initiates ongoing recovery of cardiac function and
thus enhances prognosis of patients [357]. Even if,
reverse CR could arise unexpectedly in heart
pathologies, it is more frequently seen as reaction
to medical, device-based, or surgical therapies,
such as beta-blockers, cardiac resynchronization
therapy (CRT), revascularization and valve surgery
[358]. The various cardiac pathologies with noticed
reverse CR prove that myocardial remodelling is
bidirectional and takes place no matter of the myo-
cardial disease aetiology, length, and severity
(Fig. 4.24) [358]. Moreover, prognosis is improved
in patients with reverted heart dysfunction, for that
reason reversal of CR should be the most important
treatment aim. Therefore, effective treatment
should reverse cardiac remodelling [359].

Both ACEI and Ang II receptor antagonists,
also known as angiotensin receptor blockers
(ARBs) have been utilized to prevent
CR. Preventing raised RAAS stimulation that
may limit subsequent maladaptive cardiac
remodelling. For instance, RV samples taken
from control patients showed higher ventricular
weight with raised collagen and foetal contractile
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but elicit also a signal that is conducted upstream within
the vessel wall. Middle: Vascular responses elicited by
these stimuli comprise changes of diameter and wall
mass. Right: An integrated model [351] which connects
the local conditions (pressure, flow, and metabolic state)
with derived stimuli (o, T, and metabolic stimuli) and the
vascular changes in vessel diameter or wall mass. Lines
indicate biological reactions (solid) and physical relations
(dashed). (From Pries et al. [348] with permission)

protein genes, and diminished SR Ca?*-ATPase.
Moreover, ACEI exert antioxidant effects by
inhibiting the transcription factor NF-kB that
controls the synthesis of various genes associated
with inflammatory response, such as cytokines,
chemokines, growth factors, and cell adhesion
molecules [360-363]. The complexity of the
intramyocardial mechanisms involved in CR
should also take into account endothelial dam-
age, on which PDES inhibition acts positively, as
recently demonstrated in a meta-analysis of type
2 diabetic cardiovascular patients [364]. Also,
clinically relevant evidence suggests that PDES
inhibition has favourable direct myocardial
effects via cGMP and cAMP activities that may
counterbalance hypertrophic and proapoptotic
signaling, including adrenergic stimulation [365].

4.7.1 Cardiac Regenerative

Medicine

Production of “induced cardiac-like myocytes”
(ICLMs) shows all the signs of a new future
successful method to regenerate damaged CMs
[366]. Replacing lost CMs by injecting cardiac
progenitors, cardiospheres, or CMs derived
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Fig.4.24 Myocardial recovery in clinical settings. The seg-
ments of the outmost ring highlight pathophysiological pro-
cesses implicated by reverse remodeling in particular
clinical settings that comprise the middle ring. Abbreviations:
ALM acute lymphocytic myocarditis, CPAP continuous

from “induced pluripotent stem cells” (iPSCs)
and/or “embryonic stem cells” (ESCs) has been
researched intensively [367]. Importantly, miR-
NAs are important for stem cell differentiation,
as well as indirect and direct reprogramming
to multiple lineages [368-371]. To sum up,
miRNA based therapy can be used to promote
CMs proliferation, reprogram directly fibro-
blasts to CMs or indirectly to iPSc as well as
driving the differentiation of iPSCs, ESCs or
CPCs to CMs (Fig. 4.25) [367]. Another new
treatment choice is to release cells in the dam-
aged myocardium. According to evidence, vari-
ous cell categories have been utilized for heart
regeneration, such as ESCs, CMs obtained from
iPSCs, mesenchymal stem cells (MSCs), bone
marrow MSCs, cardiac stem cells, cardiac pro-
genitor cells, skeletal myoblasts, ECs, adipose
tissue-derived stem cells (ATDSCs), and CMs
[372]. Nevertheless, studies have still unre-
markable outcomes.

Reverse
Remodeling

Pathological
Immune
Responses

Excess
Hemodynamic
Load

positive airway pressure, RAAS renin—angiotensin—aldoste-
rone system, LVAD left ventricular assist device, MVR mitral
valve repair/replacement, AVR aortic valve replacement,
CSD cardiac support device, CRT cardiac resynchronization
therapy. (From Hellawell et al. [358] with permission)

4.7.2 Device-Based Therapies

Pharmacological treatments that diminish on
either side PVR or systemic vascular resistance
can reduce the development of fibrosis in the RV
and LV, respectively. Likewise, non-pharmaco-
logical mechanical decrease of LV load by LV
assist devices (LVADs) can attenuate fibrosis in
both ventricles [373].

For instance, cardiac resynchronization therapy
(CRT) with biventricular (BiV) pacing is an well-
known choice therapy in case of patients with overt
HF, diminished LV systolic EF, and delayed ven-
tricular conduction with enlarged QRS complex
(e.g. electrical dyssynchrony). In fact, Sachse et al.
[374] showed that CRT reduces symptoms and
mortality in patients affected by dyssynchronous
heart failure (DHF) produced by dyssynchronous
electrical and mechanical activation of the left and
right ventricle. Also, they concluded that CR of
electrophysiological properties, hemodynamic and



128

Somatic Reprogramming

miR-1

E.Bontas et al.

Progenitor Differentiation

FB _ CPC
miR-133 .
miR-208a i @
" miR-499 miR1ss TG
= miR-590 s Ay
E \, ~ A
N -~ S
iR-302/367 clust s 4 e
miR- cluster I . o
miR-290 family ""F?'Ff;’fga ey P miR-17-92 cluster
MIR-130/301/721=—= 3 | @—— ml'_ ”a m
miR-138 ng 7 . . ’
. 4 miR-199 - ., miR-290 family
miR-106b™25 e cM ... )
7 S Let-7
> -~ / ‘-\“ \'9"'\“
v - R s ]
’// ‘\ miR-363 -..,_“ LSO
= . 5
\ -~ miR-1 miR-499 ? S @
miR-590 miR-195 miR-1
miR-199a miR-29a miR-133

iPSC

Fig. 4.25 miRNAs and reprogramming. miRNAs pro-
mote the generation of cardiomyocytes via a number of
mechanisms. Fibroblasts can be reprogrammed into car-
diomyocytes by miRNAs directly or through an interme-
diate iPSC state. miRNAs also promote cardiac progenitor

protein expression due to DHF is partially restored
by CRT. Specifically, CRT can reverse damages of
intracellular structures and function of CMs from
HEF, with early successful signs of recovery as tubu-
lar system structure [374].

Ventricular Assist Devices (VADs) can prevent
ongoing CR and produce reverse CR, mainly by
decrease of mechanical load of the damaged ven-
tricles [373]. Also, VADs are not same thing with
artificial hearts, which are planned for temporary
taking up of cardiac function with their latter
withdrawal from the patient’s heart [373]. VADs
are designed to support the LVAD, the right ven-
tricle (RVAD) or both ventricles (BiVAD). LVAD
is the most frequent device used in a damaged
heart, but in case of increased pulmonary arterial
resistance, RVAD will be added to help with car-
diac circulation. According to data, the evaluation
of LVAD outcomes looking the reverse of RV
remodelling, showed there were no change in
CMs size among patients with LVADs and control

ESC
Proliferation

cell (CPC) and embryonic stem cell (ESC) cardiac differ-
entiation. miRNAs can promote or inhibit cardiomycyte
proliferation. (From Hodgkinson et al. [367] with
permission)

group [373]. Conversely, LVAD therapy produced
diminishing of collagen and TNF-a from RV, sup-
porting that LVAD can reduce RVH by inhibiting
the paracrine factors [373]. Further, Barbone et al.
studied the involvement of these factors in reverse
of CR [375]. Shortly, they studied heart samples
from patients who required either LVAD or phar-
macological treatment for severe HF [375].
Regardless of LVAD type, the RV volume and
CM size enlarged, but isolated RV muscle pieces
from inserted LVAD showed a diminished force
formation at high pacing rates. Finally, they con-
cluded that reverse RV remodelling after LVAD
placing is minimum [375]. In conclusion, LVADs
implantation is largely helpful for showing biol-
ogy of reverse CR: changes of mRNA and
microRNA profiles, decrease of apoptosis, dimin-
ishing of inflammatory cytokines (e.g., TNF-o),
ECM remodelling, regression of action potential
lengthening, regression of cardiac myocyte hyper-
trophy, improved contractility, regression of shape
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distortions, and improved p-adrenergic respon-
siveness [358].

Other studies evaluated hearts from end-
stage CHF with no VADs, with LVAD or with
BiVAD [376]. In comparison with LVAD,
BiVAD-supported hearts showed notably dimin-
ished right atrium pressures with nearly normal
RV end-diastolic pressure-volume interactions.
Moreover, the hearts with BiVAD demonstrated
normalized RV myocyte diameter and myocar-
dial contraction when isoproterenol perfusion
was used. All these modifications were not
demonstrated in hearts with LVADs. However,
LVADs diminish only RV afterload. To sum up,
VADs could induce RV remodelling, but further
studies data is necessary [376].

Conclusions

RV remodelling is correlated with functional,
cellular and molecular changes [316]. CMs
hypertrophy and hyperplasia modify RV geom-
etry, while apoptosis rate and damages of intra-
cellular structures induce further remodelling
[316]. RVH and RV dilatation can be correlated
with diminished ventricular volume, associated
or not with changed hemodynamic status [316].
As a result, physiologic and pathophysiologic
stress produces in RV serious transcriptional,
translational and energetic modifications [316].
The development of cardiac hypertrophy from
pressure and volume overload with failing is
correlated with transition from free fatty acids
to glucose metabolism for ATP formation [316].
RVF is an energy-depleted condition with lack-
ing ATP levels. Reassuring successful molecu-
lar targets are established by ongoing clinical
trials studying the molecular alteration from
RVH and failure [316]. Ultimately, medical
therapy with vasodilators seems to raise both
RV stroke volume and CO, while ACEI and
ARBs can postpone RVH by diminishing the
exhibition of hypertrophy-related genes in the
RV. Nonetheless, immunomodulator therapy is
correlated with diminishing of RVH and remod-
elling-related gene expression [316].
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Abstract

The evaluation of right ventricular (RV) mor-
phology and function, although for many cen-
turies forgotten or sidelined, is now recognized
to be essential in cardiovascular diseases, as it
can be involved in the physiopathology of many
disorders. Therefore, appropriate knowledge of
RV function in health and disease is mandatory
for clinicians. In the present chapter we sum-
marize the current available data on RV func-
tion starting with a brief description of anatomy
as morphology is closely related to function.
We then describe mechanical and haemody-
namic aspects of RV contraction. Furtheremore,
we discuss methods of assessing RV perfor-
mance using end-systolic and end-diastolic
pressure-volume relationships as well as RV
haemodynamic coupling with the pulmonary
circulation based on the concept of elastance.
Regulatory mechanisms of RV function are
also described.
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5.1 Right Ventricle Importance
The right ventricle (RV), although fascinating for the
complex anatomy and function, was forgotten or
sidelined for centuries, its physiopathological impor-
tance in the human body being unrecognized.

The first who noticed RV importance is Sir
William Hervey, the father of the modern physi-
ology, who described pulmonary circulation and
the importance of the RV in sending the blood
to the left ventricle through this circulation,
mechanism described in his famous thesis, “De
Motu Cordis”, in 1616 [1]. The following four
centuries were significant in debating the impor-
tance of the RV. Publications from the beginning
of the twentieth century stated that the RV has
only one function, as a conduct, and RV injury
would not significantly influence the general
circulatory function, statement that was ‘“con-
firmed” by the successful procedures Glenn and
Fontan [2-5]. On the other hand, recognizing
the negative effects and even cardiogenic shock
as a consequence of RV infarction, overwrite
the idea of a passive function of the RV [6, 7].
Moreover, in the second half of the last century,
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as the essential role of the RV in many physi-
ologic and pathologic conditions was finally
admitted, many researchers have focused on RV
function [8].

The evaluation of RV morphology and func-
tion is essential in cardiovascular diseases, as it
can be involved in the physiopathology or it can
be affected by many disorders such as pulmonary
hypertension (PH), idiopatic or secondary to the
left heart diseases, left ventricle (LV) dysfunc-
tion, cardiomyopathies, RV infarction or tricus-
pid and pulmonary valvulopaties [4, 9].

RV function has an impact on the prognosis of
patients with congenital heart diseases (CHD).
Conditions as atrial septal defect, tricuspid regur-
gitation or pulmonary regurgitation, create a vol-
ume overload for the RV, whereas pulmonary
stenosis or corrected transposition of the great
arteries create a pressure overload or even hemo-
dynamic complex modification as in Tetralogy of
Fallot (ToF) [10]. Moreover, after surgical inter-
vention in CHD, RV dysfunction secondary to
hemodynamic residual overload is a negative
long term prognostic factor [11].

The RV is different morphologically and func-
tionally from the LV. It has a complex tridimen-
sional anatomy, hemodynamic pressure load is
abolished after birth and it has a different con-
traction pattern [12]. Consequently, the RV
adapts differently than LV at acute and chronic
hemodynamic changes. Therefore, the RV is not
the LV but is equally important to cardiovascular
equilibrium.

5.2 RV Anatomy in Relation

to Function

In a normal heart, the RV is the most anteriorly
located chamber, in front of the LV and behind
the sternum [8].

The RV has a complex tridimensional anat-
omy, viewed from the front has a triangular
shape, but in the cross-section it has a crescent
shape. The interventricular septum (IVS) is an
important determinant of RV shape. In normal
conditions and in the absence of conduction
abnormalities, the IVS is concave toward the LV

both in systole and in diastole; however in RV
overload, the IVS becomes flattened or reversely
concave toward the RV, in this condition the RV
anatomy being significantly modified [1].

Although in the common echocardiographic
windows the RV seems to be smaller than the
LV, it has a bigger volume, as it was demon-
strated in imaging cardiac studies using cardiac
magnetic resonance (CMR): normal end dia-
stolic RV volume is 49—101 ml/m? whereas the
end diastolic LV volume is 44-89 ml/m?. On
the other hand, the RV mass is only one fifth of
the LV mass [13].

The RV chamber has three components: the
inlet, the trabecular part situated apically and the
outlet/ejection tract/conus. Although it develops
embryological from two different components, the
sinus (inflow) and the conus (outflow), the defini-
tion of the RV in terms of three components
described earlier and proposed by Goor and Lillehei
in 1975, is the preferred one for practical reasons, as
describing congenital abnormalities, when one or
more components can be absent [14, 15].

The inlet and trabecular components form the
sinus, a functional part with common embryo-
logical origin, which contains 80% of the RV vol-
ume and it is responsible for 85% of the RV
stroke volume, whereas the conus contributes
with the rest of 15% [16].

The RV inlet includes the tricuspid valve and
it is separated from the trabecular part by the pap-
illary muscle insertion. The trabecular compart-
ment is situated at the apex and it extends to the
middle of the free wall. This compartment is
characterized by covering with muscular fibers
arranged in a grid—muscle trabeculae—whose
role appears to be linked in part to intraventricu-
lar hemodynamics and on the other hand to the
jointing of the papillary muscles with the apex
and the walls of the heart [17]. The ejection com-
partment/tract has different embryological origin
and is characterized by the conical shape of the
conus and the smooth walls that contribute to the
increase in blood flow to the pulmonary artery [1]
(Fig. 5.1).

The architecture of the muscle fibres that cre-
ate the two ventricles is complex and consists of
a three-dimensional network of several layers of
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Fig.5.1 Right ventricle anatomy. Ao ascending aorta, IVC inferior vena cava, LA left atrial appendage, RA right atrium,
RV right ventricle, PT pulmonary trunk, PV pulmonary valve. With the permission of Dr. Vlad Munteanu

muscle. In contrast to the three-layer muscle
architecture of LV, RV consists predominantly of
a superficial layer and a deep fibre layer. The
thinner subepicardial layer fibres are circumfer-
entially arranged with the fibre direction parallel
to the atrioventricular groove. These fibres
change the direction on the sternocostal face
becoming oblique to the apex and continue into
the superficial fibres of the LV. The thicker sub-
endocardic layer has a longitudinal direction
from the base to apex [14]. As a result, RV has a
predominantly longitudinal contraction and the
continuity between the RV and LV muscle fibres
functionally connects the two ventricles repre-
senting the anatomical base which leads to the
RV free wall traction secondary to LV contrac-
tion. This continuity also contributes together
with the IVS and pericardial contention to the
ventricular interdependence [1].

The RV cavity is completed by IVS which
belongs to both ventricles, functionally and anatomi-
cally [18]. Across the IVS there is an anatomic con-

tinuity between the myocardial fibres of the RV and
LV contributing to ventricular interdependence.

5.2.1 RV Vascularization

The right ventricle is mostly vascularized by the
right coronary artery (RCA). The lateral wall of
the RV receives blood from the acute marginal
arteries of the RCA, while the posterior wall and
the inferior IVS are irrigated by the posterior
descending artery (PDA). Thus, RV vasculariza-
tion also depends on the coronary dominance [19,
20]. In the case of right coronary dominance (85%
of cases) and balanced dominance (7.5% of cases)
PDA will originate in RCA, whereas in the case of
left coronary dominance it will originate in the
circumflex artery, which will participate in the RV
vascularization [21]. A small part of the anterior
wall as well as the anterior IVS are irrigated by
the anterior descending artery (ADA) [1].
Vascularization of the infundibulum is performed
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by the pulmonary cone artery, which in half of the
cases originates in RCA, whilst the other half
have a separate origin in the aorta, at the level of
the right coronary sinus [21].

Unlike the LV, where myocardial perfusion
occurs in diastole, when intra-cardiac pressure
drops below the aortic pressure, in the RV, under
normal hemodynamic loading conditions, intra-
cardiac pressure remains permanently below the
aortic pressure, allowing for myocardial perfu-
sion both in systole and in diastole. Under patho-
logical conditions, however, when RV is subject
to significant pressure overload, myocardial per-
fusion becomes similar to LV [18].

5.3  RightVentricular Physiology
and Adaptation to

Hemodynamic Changes

The role of the RV in the body is to take the blood
from the venous return and to send it further into
the pulmonary circulation. Normally, the RV is
connected in series with the LV being thus forced
to have substantially the same effective stroke vol-
ume (SV) [1]. In spite of a significantly lower ven-
tricular mass, RV is able to achieve the same SV as
it is connected to the pulmonary artery character-
ized by low impedance and high arterial distensi-
bility [22].

5.3.1 Right Ventricle Contraction:

Mechanical Aspects

RV contraction occurs sequentially, beginning
with the myocardium of the inlet and the trabecu-
lar part, then ending with the infundibulum, with
a delay of approximately 35 ms between the
onset of contraction of the RV apex and that of
infundibulum [23]. In addition, the contraction of
the infundibular part is longer than that of the
inlet [19]. Since anatomically there is an angle of
37.5° between the inlet axis and the ejection tract
[24], this peristaltic motion facilitates the trans-
port and ejection of blood from the RV [22].
Under normal hemodynamic conditions, RV con-
traction is predominantly longitudinal, the contri-
bution of radial myocardial deformation, rotation
and twisting being minimal [25, 26].

The RV contraction mechanisms are repre-
sented by free wall inward movement, RV shorten-
ing in the long axis by contraction of the longitudinal
subendocardial fibres which determine the traction
of the tricuspid ring to the apex, but also the trac-
tion at the attachment points realized by the LV [1].

A significant part, between 20 and 40% of the
RV stroke volume is dependent on LV contrac-
tion [27, 28]. The interaction between the two
ventricles (ventricular interdependence) is deter-
mined anatomically by the communication of the
RV fibres with the LV ones as mentioned above,
by the partially common vascularization, by the
pericardium which creates the contention of both
ventricles, but especially by the IVS which allows
the crossing of the contraction forces between the
two ventricles [1, 22, 29]. The fact that the exper-
imental replacement of the RV free wall with a
non-contractile patch did not significantly alter
pulmonary circulatory hemodynamics comes to
reinforce the idea that left ventricular perfor-
mance directly affects the RV [30].

5.3.2 Right Ventricle Contraction:
Hemodynamic Aspects

The right ventricle ejects the blood into a low-
impedance arterial system with increased disten-
sibility. In a normal circulatory system, right
heart pressures are significantly lower than those
of the left heart [18].

The RV pressure curve is characterized by a
maximum systolic value of low amplitude (15—
30 mmHg), which is reached early, and a subse-
quent rapid decrease of pressure [1, 17]. Upon
initiation of contraction, the RV pressure rapidly
exceeds the low pulmonary artery pressure, which
makes the duration of the isovolumetric contrac-
tion to be low or absent. Another feature of the RV
pressure curve is the existence of the so-called
‘hangout’ interval, which is the continuation of the
end systolic flow to the pulmonary artery despite a
negative ventriculo-arterial gradient. The explana-
tion for the existence of this interval is related to
the complexity of the vetriculo-arterial coupling,
given that the total afterload of the RV is deter-
mined by the resistive, capacitive, inertial proper-
ties and the pulse wave reflection of the pulmonary
circulation [20].
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5.3.3 Parameters Determining
Right Ventricular Function

The RV systolic performance is mainly the reflec-
tion of three parameters: contractility, afterload
and preload. Additionally, RV performance is also
influenced by heart rate, ventricular contraction
synchronicity and ventricular interdependence [1].

Contractility is the inherent capacity of the myo-
cardium to contract independently of preload or
afterload changes. At the molecular level, the
increase in contractility/inotropism is the result of
increased interaction between calcium ions and con-
tractile proteins. However, it should be pointed out
that any change in contractile status must be inde-
pendent of the preload and afterload conditions [31].

Preload represents ventricular loading before
the start of ventricular contraction, at the end of
the diastole. Preload increase leads to end-
diastolic ventricular volume augmentation which,
through the Frank-Starling mechanism, will
cause SV growth without a direct change in con-
tractility [32, 33]. Afterload is the systolic pres-
sure imposed on the ventricle after initiation of
contraction and is represented by pulmonary vas-
cular resistance (PVR) and dynamic and static
pulmonary impedance components [1].

The concepts of preload and afterload are not
completely independent since, judging by the

a
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Fig. 5.2 Right ventricular presure-volume curves. (a)
Represantation of RV pressure-volume loop with the four
phases of the cardiac cycle (1—the filling phase, 2—the
isovolumic contraction phase, 3—the ejection phase, 4—
the isovolumic relaxation phase). The more triangular
shape of the RV pressure-volume loop, as opposed to LV, is
the reason why maximal elastance (Emax) does not concide
with end systolic elastance (Ees). (b) Schematic represanta-
tion of basic measures of pressure and volume relation-

Frank-Starling mechanism, an increase in pre-
load will lead to SV growth and an increase in
blood pressure which itself represents an increase
in afterload. However, ventricular pressure is pri-
marily related to the degree of stretching of myo-
cardial fibres at the end diastole, whereas
afterload is related to the parietal stress devel-
oped by these fibres during systole [31].

There is a complex interaction between the
determinants of RV performance and their under-
standing usually requires invasive studies of the
pressure-volume curves, otherwise it is difficult,
in vivo, to differentiate the contribution of one or
more factors to the RV performance changes. The
pressure-volume curve describes changes in vol-
ume and ventricular pressure during a cardiac cycle.
The cardiac cycle can be divided into four different
phases: (1) the filling phase, (2) the isovolumic con-
traction phase, (3) the ejection phase, (4) the iso-
volumic relaxation phase, phases that can be found
in the volume-pressure curve [34] (Fig. 5.2).

In order to obtain information on ventricular
systolic and diastolic properties, it is necessary to
record several such curves preferably by reducing
the preload, which can be achieved by vena cava
occlusion with a balloon inserted via a catheter.
With these curves, the end-systolic pressure-
volume relationship (ESPVR) can be defined as the
line connecting the end-sistolic points on the curves

b

Pressure A

ESPVR

EDPVR

-

>
Volume

ships. The end-systolic pressure-volume relationship
(ESPVR) and end-diastolic pressure-volume relationships
(EDPVR) define the boundaries of the pressure-volume
loops for a given contractile state of the ventricle. Changes
in preload (as shown with dashed lines) or afterload alter
the shape and position of the loops, however, the end-sys-
tolic and end-diastolic points will always fall on the ESPVR
and EDPVR. Therefore, ESPVR and EDPVR can be used
as load independent measures of contractility
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previously drawn. By measuring the ESPVR slope,
ventricular elasticity (E) is obtained which is con-
sidered to be the best parameter for describing
myocardial contractility, since it is shown to be
independent of preload or afterload [35]. Both E
max (maximal elasticity), the maximum value of
pressure-to-ventricular volume ratio in one cardiac
cycle as well as E es (end-systolic elasticity), being
the same ratio at the end of systole, were described
[36]. For the LV, the pressure-volume curve is rect-
angular, therefore, E max and E es overlap.
However, the RV works in a low impedance system
which causes the blood ejection to continue even
after the RV pressure begins to decrease—the so-
called ‘hangout’ period previously described. This
phenomenon makes end-systolic identification dif-
ficult and contributes to a rather triangular shape of
the RV pressure-volume curve. Thus, for RV con-
tractility evaluation, Emax is considered a better
parameter than Ees [37] (Fig. 5.2).

Even though very useful in the characterization
of RV true function/contractility, the manipulation
of venous return through the insertion of a vena
cava balloon catheter to generate families of pres-
sure—volume loops make the clinical availability
very limited as it increases the invasiviness of the

a b
60
Calculated
Ppa max

(]
g 5
2 ?
] 40 [
2 0 o
ﬂ. E
55 S
=T =]
3E 2
EE =
& >
Z £
z 20 | | S
o / T
o /

L \ Measured 7
Ppa values
0 1 1 J
0 100 200 300
Time (msec)

Fig. 5.3 The single-beat method for deriving right
ventricular and arterial elastance and right ventricular—
arterial coupling (Ees and Ea). (a) Calculation of P
max (maximal isovolumic pulmonary arterial pres-

(mmHg)

right heart catheterisation (RHC). Several new
mehods have been developed in order to increase
availability in clinical practice as the use of Valsalva
maneouver to generate RV pressure-volume loops
at decreased venous return or the use of volume
measurements by MRI or three-dimensional echo-
cardiography along with RHC pressure measure-
ments [38, 39]. However, one method has been
better validated, initialy for the LV and adapted
afterwards for the RV, a method aiming at determin-
ing ESPVR from a single pressure-volume loop
[40]. This single-beat method relies on the assump-
tion that ESPVR is the same in ejecting and isovolu-
mic beats. In an isovolumic beat, the ESP would
reach the highest possible value (Pmax) for a given
contractility. Moreover, in the single-beat method, it
is assumed that the pressure curve of an isovolumic
contraction can be approximated by a sine wave and
that the sine wave can be extrapolated from normal
ejecting beats [40, 41]. Pmax is estimated as the
peak value of the sine wave and the ESPVR is cal-
culated from the slope of a tangent from P max to
the pressure—volume curve [42] (Fig. 5.3).

Heart rate is an important additional parameter
in determining ventricular function in both normal
heart and as a mechanism of acute adaptation to
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sure) (b) Calculation of Ees and Ea for both a normal
patient and one with pulmonary hypertension (PAH)
using the single beat method. Reproduced with per-
mission from [43]
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hemodynamic changes. The force-rate relation-
ship or Bowditch effect has been described both
in vitro and in vivo and refers to the increase in
contractile force as a result of increased heart rate.
In vivo, however, at increased heart rate, the effect
is counterbalanced by reduced diastole and implic-
itly by reduced ventricular filling [44].

Cardiac rhythm and contraction synchronicity
are mechanisms that can influence ventricular per-
formance, especially in the presence of RV dys-
function. In the case of acute myocardial infarction
or chronic right ventricular failure, the onset of
atrial fibrillation or atrioventricular block cause
worsening of the clinical and hemodynamic pic-
ture [1]. Asynchronous contraction of RV may
lead to decreased ventricular performance by sub-
optimal coordination of mechanical function. The
importance of this mechanism has been demon-
strated especially in pathological situations such
as PH or CHD such as Tetralogy of Fallot [45, 46].

5.3.4 Regulatory Mechanisms
of Right Ventricular Function

As in the case of the LV, the acute adjustments of
RV function in response to haemodynamic changes

are done through heart rate, Frank-Starling mecha-
nism and neurovegetative system [1, 18, 19].

The RV displays an increased responsiveness
to adrenergic drive than LV, with studies suggest-
ing an intrinsic difference in miocitic intracellu-
lar signiling [47]. There is a difference in the
response to sympathetic stimulation withing the
RV as well, current data supporting an increased
inotropic response of the infundibular comparti-
ment in comparison with the inlet [48].

The RV function regulatory mechanisms,
when in the physiologic range, are in general the
consequences of changes in preload (for instance
the increase in venous return with legs lift) and
afterload (exercise) and rarely are the result of the
direct action of different factors on inotropy [34].

In both the physiological and the pathological
range, the RV has several mechanisms to adapt to
pressure or volume overload. In acute pressure
overload, three mechanisms potentially contrib-
ute to increased contractility such as the hetero-
metric  adaptation (Frank-Starling effect),
homeometric adaptation (Anrep effect) and the
neurohormonal induced inotropic changes (espe-
cialy the simpatetic nervous system) (Fig. 5.4).
The Anrep effect represents the homeometric
adaptation (without changes in cavitary dimen-
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Fig. 5.4 Representation of heterometric and homeomet-
ric autoregulation of the right ventricle. Left panel—
increased preload leads to an increase in SV by the same
AV, through heterometric autoregulation. When afterload
increases, both heterometric and homeometric responses
are activated. In heterometric autoregulation (center
panel), an increase in EDV (4V,,) leads to an increase in
pressure (AP,,) with no change in SV and inotropy. In
homeometric autoregulation (right panel), a pressure

increase (AP,,) to match increased afterload is achieved by
increasing RV contractility (AE,,) with no change in SV
and preload. The end-systolic pressure-volume relation-
ship (ESPVR) line and the end-diastolic pressure-volume
relationship (EDPVR) line define the limits of RV work-
ing conditions. EDV end diastolic volume, EDPVR end
diastolic pressure volume relationship, ESPVR end dia-
stolic pressure volume relationship, SV stroke volume.
Reproduced with permission from [41]



152

A. M. Balahura et al.

sions) consisting in contractility increase in the
absence of other external regulatory factors such
as the intervention of the neurovegetative system.
Even though its existence has been debated, there
are evidences suggesting the Anrep effect is the
first mechanism for initial adaptation to increased
afterload [49-51]. The Frank-Starling mecha-
nism or heterometric adaptation allows stroke
volume preservation despite increased pressure
load due to end-diastolic RV volume increase
[34, 36]. Sympathetic tone increase and its
inotropic effect can be induced through arterial
hypotension and baroreceptor activation due to
RV stroke volume reduction secondary to pres-
sure overload or by primary myocardial catheco-
lamine release [52]. Acute increase in volume
overload is primarily accompanied by changes in
RV end-diastolic volume and inotropic increase
through Frank-Starling mechanism [53, 54].

The adaptative particularities of the RV are
related to myocardial structure and oxygen
demand as well. The RV is characterized by an
increased resistence to ischemia resulting from
multiple mechanisms: (1) Lower oxygen demand
probably related to a lower mithocondrial density
at the myofilament level [55], (2) higher oxygen
extraction capacity than LV in the setting of hae-
modynamic stress [56] and (3) coronary circula-
tion properties that allow myocardial perfusion
both in systole and diastole along with an
increased vasodilatatory response to adrenergic
stimulation than LV [1, 57].

5.3.5 Ventriculo-Arterial Coupling

Right ventricular performance depends on the
appropriate ventricular myocardial function, on LV
function through interventricular interdependence,
as well as on the efficient haemodynamic interac-
tion with the pulmonary circulation [1, 41]. If in the
past research, for instance in PH, was focused on
studying either the RV function or the pulmonary
circulation as separate entities, it has now become
evident the importance of studying the cardiopul-
monary system as a unit [18].

Interaction between RV and the pulmonary
circulation has been studied both in physiologic
as well as pathologic states through the concept

of ventriculo-arterial coupling (VAC) [41]. In this
view, the ventricle and the arterial system are
seen as elastic chambers and their properties are
described in the same measurement unit. The
most frequently utilized model is the one where
RV and pulmonary circulation characteristics are
expressed in elastance [58]. Elastance (E) is
defined as the change in pressure per volume unit
and it can be evaluated through pressure-volume
curves. Arterial elastance (Ea) can be measured
on the pressure-volume curve by dividing pres-
sure in the Emax point (maximum ventricular
elastance) by SV [41] (Fig. 5.3).

The load independency of indices of ventricu-
lar function or contractility referes to the immedi-
ate ‘beat-by-beat’ independency as contractility
or Emax adapts to afterload after several beats.
This reflects the homeometric adaptation (starting
after 30 s) replacing the initial heterometric adap-
tation. Therefore, the interest of measuring Ea is
that it corresponds to the hidraulic load faced by
the right ventricle and allows the correction of
Emax for afterload. Moreover, they can be mea-
sured on the same pressure-volume loop [42].

In an electrical or mechanical system, power
transmission is done with maximal efficiency when
the impedance emitted by the power producing
system is equal to the impedance received by the
power receiving system [18, 59]. Therefore, as
elastance is closely related to impedance, it is prob-
able that the maximal power transmission from the
ventricle to the vascular system is achieved when
Emax is equal to Ea. However, in the human pul-
monary circulatory system, where the mechanical
properties vary with time, current data suggests
that maximal efficiency is obtained at a ratio of
Emax/Ea of approximately 1.5-2 [60, 61].

In the right heart circulation, in normal haemo-
dynamic conditions, the RV performs at maximal
efficiency and submaximal mechanical work. If
the RV becomes dysfunctional, E max and Emax/
Ea decreases indicated inappropriate coupling
and decreased myocardial efficiency. In the case
of inappropriate afterload increase such as in PH,
VAC is initialy maintained through RV contractil-
ity increase whereas in the later disease stages, the
association between ventricular dysfunction and
arterial pressure increase leads to an important
ventriculo-arterial mistmach [38].
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Conclusion

The right ventricle, once the forgotten cham-
ber, has now been recognized as an important
determinant of cardiovascular function in both
health and disease. It has a complex three
dimensional shape and contracts in a sequen-
tial pattern from the inlet to the outlet part. The
RV systolic performance is highly influenced
by preload and afterload and adaptation to
changes in filling condition are done mainly
through heterometric autoregulation. However,
RV diastolic and systolic function can be
described by a time varying elastance.

Right ventricular performance depends on
the appropriate ventricular myocardial function
as well as on the efficient haemodynamic inter-
action with the pulmonary circulation, assess-
ment of ventriculo-arterial coupling being
possible through the concept of elastance.
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Effect of Endurance Sport
on the Right Heart
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Abstract

The right ventricle (RV) responds differently to
prolonged exhaustive and competitive exercise,
usually with enlargement, than does the left
ventricle. Evidence has accumulated indicat-
ing that regular intense endurance exercise and
sporting can promote electrical and structural
remodeling of the RV, leading to fibrosis. This
“exercise-induced cardiomyopathy” mimics
features observed in arrhythmogenic right ven-
tricular dysplasia/cardiomyopathy (ARVD/C).
In addition, exercise-induced impairment in
atrial function (atrial remodeling), mostly in
the right atrium related to RV systolic dysfunc-
tion, has also been suggested which favors the
development of atrial arrhythmias. It should
be noted that these adverse effects seem to be
limited to extreme intensity levels of exercise
and not related to recreational or moderate
exercise levels. These deleterious effects of
heavy endurance exercise on the right heart
can be studied by several methods, including
standard and newer echocardiographic tech-
niques, stress testing methods, standard ECG,
cardiac magnetic resonance imaging, biomark-

ers, electroanatomical mapping and/or an elec-
trophysiology study, and in specific cases by
genetic testing. All these issues are reviewed
in this chapter.
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6.1 Introduction

It has been suggested since over 25 years ago
that the right ventricle (RV) responds differ-
ently to prolonged competitive exercise, usually
with enlargement, than does the left ventricle
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Table 6.1 Endurance sports with high intensity dynamic
and/or static exercise component (partial list) [48]

Table 6.2 Assessment of the right heart in intense endur-
ance athletes or athletes presenting with arrhythmias

* Distance cycling

Echocardiography

* Distance running (marathon)

Standard techniques

¢ Distance track and field

* Distance swimming
* Triathlon

Newer techniques (e.g. speckle tracking and strain
imaging/exercise strain imaging/3D echo)

ECG

* Cross-country skiing

Holter monitor

* Boxing CMR with gadolinium enhancement
* Rowing Stress testing (ETT/Exercise echo/exercise CMR)
» Canoeing Biomarkers (cTn/BNP)

[1]. Since then, accumulating evidence suggests
that regular intense endurance exercise and sport-
ing can promote structural and electrical changes
or remodeling of the RV, culminating in fibrosis,
mimicking features which are observed in arrhyth-
mogenic right ventricular dysplasia/cardiomyopathy
(ARVD/C) [2, 3]. This “‘exercise-induced cardiomy-
opathy” relates to adaptive remodeling of the heart
during exercise, with the heaviest toll falling on
the RV, which may become pro-arrthythmic [4,
5]. Furthermore, exercise-induced impairment in
atrial function, mostly in the right atrium related
to RV systolic dysfunction, has also been sug-
gested and this atrial remodeling may favor the
development of atrial arrhythmias [6]. However,
these adverse effects seem to be limited to extreme
intensity levels of exercise (Table 6.1) and not
related to recreational or moderate exercise levels.
It appears that the RV is most vulnerable during
extreme exercise, as the RV wall stress at peak
exercise in athletes may increase by 170% com-
pared with only a 23% increase in left ventricular
wall stress. [7] Thus, intense endurance exercise
causes acute dysfunction of the RV, but not of the
left ventricle. Repetitive insults of the RV sus-
tained by endurance sports may lead to chronic RV
dysfunction and arrhythmogenesis, particularly in
individuals who may unknowingly be carriers of
desmosomal or other elusive mutations [8].

The adverse effects of extreme compared to
moderate exercise were recently shown in an
experimental long-term endurance training rat
model, in which the investigators assessed the
relationship between RV remodeling and exercise
load [9]. They showed a biphasic, unbalanced RV
remodeling response with increasing doses of

Electroanatomical mapping

Electrophysiology study

Genetic testing

BNP brain natriuretic peptide, CMR cardiac magnetic
resonance imaging, ¢Tn cardiac troponin, ECG electro-
cardiogram, ETT exercise tolerance test

exercise. A physiological adaptation after moder-
ate training turned adverse and maladaptive with
intensive training, leading to disproportionate RV
dilatation, decreased contractility and impaired
diastolic function.

There are several tools that may be used for
assessing the right heart in intense endurance ath-
letes or athletes presenting with arrhythmias,
which will be herein briefly reviewed (Table 6.2).

6.2 Echocardiography

Echocardiography, a widely available imaging
technique, can provide useful data in the field of
sports cardiology particularly for pre-participation
screening and also and importantly for analysis of
the cardiac adaptation induced by exercise [10].
RV dimensions, as measured by echocardiogra-
phy, are larger in endurance athletes than those
described by “normal ranges” and frequently meet
the major criteria for the diagnosis of ARVD/C
[11]. However, functional assessment of RV strain
has been proposed to aid in this differential diag-
nosis [12]. Ambiguous resting measures in endur-
ance athletes could be clarified by exercise strain
rate imaging [13]. Examining the influence of
high-intensity endurance exercise on global ven-
tricular tissue deformation (strain) may be able
to discern whether exercise-induced functional
cardiac disturbances are global or segmental.
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A recent echocardiographic study showed that
changes in ventricular strain following high-inten-
sity exercise were more profound in the RV than in
the left ventricle, as expected; however, reductions
in left ventricular strain were unique to the septal
myocardium and may reflect ventricular interac-
tions secondary to exercise-induced RV dysfunc-
tion [14].

The physiological adaptation of the RV in
response to endurance training was also investi-
gated in 63 elite athletes, 58 athletes, and 61
healthy controls with conventional echocardiog-
raphy, tissue Doppler imaging, and 2D strain
echo [15]. Left ventricular and RV dimensions
were significantly increased in both groups of
athletes compared with controls, while RV sys-
tolic velocities and displacement were not differ-
ent between the groups. RV strain and strain rate
values were reduced in the RV basal and mid-
segment in athletes. Athletes with marked RV
dilatation showed lower strain and strain rate val-
ues in the basal and mid segment, whereas ath-
letes without RV dilatation showed no significant
difference compared with the controls. The
authors concluded that reduced regional defor-
mation and deformation rates in the basal RV
segment in athletes, most pronounced in athletes
with RV dilatation, represent normal adaptation
to exercise.

Thus, as regular physical exercise induces
mild left ventricular hypertrophy which can be
considered an adaptive consequence to exercise,
[16] similarly, an increase of RV dimensions
without RV dysfunction induced by endurance
training may be considered a physiologic adap-
tation and expression of the athlete’s heart [17,
18]. However, extreme exercise can confer some
deleterious effects, mostly affecting the RV [4].
A meta-analysis of 14 studies, comprising 329
healthy adult participants, and reporting RV
function pre-endurance and post-endurance
exercise, indicated that intense prolonged exer-
cise is associated with a measurable reduction
in RV function while LV function is relatively
unaffected [19].

An acute RV impairment has been demon-
strated after a trail-running race, related to the
amount of exercise, albeit with a high inter-

individual variability [20]. More advanced right
heart (RV and right atrial) morphological and
functional remodeling has been detected by
speckle-tracking echocardiography induced by
strenuous and chronic exercise training during
ultra-trail (mountain) running compared to con-
ventional marathon running [21]. Long-term
endurance training may induce bi-ventricular
remodeling, which is similar in males and females
[22]. However, males may have larger RV size
and lower bi-ventricular deformation.

Although different types of extreme sports
(Table 6.1) involve different types of stress, and
may have distinct influences on left ventricular
volume and mass parameters, it appears that they
may induce similar degrees of RV dilation [23].

Even in athletes with apparently normal car-
diac function at rest, who have ventricular
arrhythmias, echocardiographic and cardiac
magnetic resonance (CMR) imaging measures of
RV function performed during exercise may
detect RV dysfunction during exercise separating
them from healthy individuals [24].

In addition to RV dysfunction, right atrial
function impairment may also be induced by
extreme exercise. According to an echocardiog-
raphy study performed in 55 healthy adults at
baseline and after a 3-stage trail race, an acute
exercise-dose dependent impairment in atrial
function was observed, which was related to RV
systolic dysfunction. The authors concluded that
the impact on atrial function of long-term endur-
ance training might lead to atrial remodeling,
favoring atrial arrhythmia development [6].

6.3  Surface Electrocardiogram

(ECG)

As already detailed, prolonged high-intensity
exercise has been reported to exert a profound
effect on cardiac function, particularly on the
right heart which appears to be more suscepti-
ble to this deleterious effect [25]. A recent
study examined the ECG changes in the right-
sided leads in 30 highly trained athletes induced
by a 100-mile endurance run [25]. Pre- to post-
race, a significant increase in P wave amplitude
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(29%) and QTc interval (4%) could be detected
on a standard 12-lead ECG. Also, a 23%
(P = 0.01) and 38% (P = 0.03) increase in J
point amplitude in VIR and V2R and a 22%
(P = 0.05) increase in ST segment integral in
V2R and V3R were evident. T wave inversion
was evident in leads V2R-V6R in 50-90% of
athletes. Close examination revealed marked
heterogeneity in individual ECGs. The authors
concluded that completion of a 100-mile ultra-
marathon resulted in significant changes in the
right-sided ECG alongside more marked
responses in specific individuals. P wave, ST
segment and T wave changes post-race were
considered indicative of acute exercise-induced
right heart electrical adaptation.

The ECG plays a significant role in the dif-
ferentiation between physiological adaptations to
endurance exercise and underlying RV pathology
such as ARVD/C [26-30]. In Caucasian endurance
athletes, T-wave inversion in the right precordial
leads is relatively common, however, as this ECG
sign also characterizes ARVD/C, it should prompt
extensive evaluation for ARVD/C. In black ath-
letes, convex ST-segment elevation with biphasic
T-wave inversion in leads V1-V4 is a common
benign finding, but if symmetrical anterior T-wave
inversion in V1-V3 is preceded by isoelectric or
downsloping ST segments, it should lead to further
investigation to rule out ARVD/C. Also, symp-
toms of palpitations or presyncope or syncope in
athletes with even minor diagnostic ECG-findings
should prompt extensive evaluation including
echocardiography, Holter monitoring, maximal
exercise-ECG testing and possibly a CMR and an
electrophysiology study. Similarly, voltage ECG
signs of RV hypertrophy and right axis deviation
and/or deep right precordial T wave inversion
defines abnormal RV afterload and should trigger
further evaluation [27].

Thus, physiological cardiac adaptation to regu-
lar exercise may include biventricular dilation and
T-wave inversion, which may create diagnostic
overlap with ARVD/C. A study compared athletes
with T-wave inversion (n = 45), athletes without
T-wave inversion (n = 35), and ARVD/C patients
(n = 35) [30]. There were no electrical, structural,
or functional cardiac differences between athletes

Table 6.3 Classification of ECG and other findings in
athletes

Markers of physiological remodeling

« Early repolarization

¢ Biphasic T-wave inversion
* Voltage criteria for RVH or LVH
* Symmetrical cardiac enlargement

* RBBB (incomplete or complete)

Nonspecific findings

* Prolonged QRS terminal activation

* <2 abnormal signal averaged ECG parameters

¢ RV dilation without wall motion abnormalities

* RV outflow tract ectopy

» Exercise-induced T-wave pseudo-normalization

Indicators of RV pathology

* Symmetrical anterior T-wave inversion in V; 3
preceded by isoelectric or down-sloping ST segment

* RVH and right axis deviation and/or deep right
precordial T wave inversion

* Q waves or precordial QRS amplitudes <1.8 mV

* 3 abnormal signal averaged ECG parameters

* Delayed gadolinium enhancement

* RV ejection fraction <45%, or wall motion
abnormalities at CMR

*>1000 PVCs (or >500 non-RV outflow tract
PVCs) per 24 h on Holter monitor

* Syncope

» Symptoms, ventricular tachyarrhythmias, or
attenuated blood pressure response during exercise

CMR cardiac magnetic resonance (imaging), LVH left ven-
tricular hypertrophy, PVC premature ventricular contrac-
tion, RBBB right bundle branch block, RV right ventricle,
RVH right ventricular hypertrophy

with or without T-wave inversion. Compared with
ARVD/C patients, markers of physiological
remodeling or nonspecific parameters, and indi-
cators of RV pathology could be identified
(Table 6.3).

Another study analyzed ECGs in competitive
rowers (n = 330, 56% male) [31]. The majority
(94%) of rowers had one or more training-related
ECG patterns including sinus bradycardia (51%),
sinus arrhythmia (55%), and incomplete right
bundle branch block (RBBB) (42%). Males were
more likely than females to have isolated voltage
criteria for left ventricular hypertrophy (51% vs
8%, p < 0.001) and early repolarization pattern
(76% vs 23%, p < 0.001). The authors concluded
that training-related ECG patterns with several
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gender-based differences are common among
competitive rowers.

The 12-lead ECG and echocardiographic data
from 510 competitive athletes were analyzed and
compared to 51 age-, sport type-, and gender-
matched athletes with normal QRS duration [32].
The 44 athletes with incomplete RBBB (9%) and
13 with complete RBBB (3%) had larger RV
dimensions. Athletes with complete RBBB also
had a relative reduction in the RV systolic func-
tion at rest. QRS prolongation was associated
with parallel increases in interventricular dyssyn-
chrony. Despite these findings, no athlete with
RBBB was found to have pathologic structural
cardiac disease. The authors concluded that
among trained athletes, complete or incomplete
RBBB appear to be markers of a structural and
physiological cardiac remodeling triad character-
ized by RV dilation, a relative reduction in the
RV systolic function at rest, and interventricular
dyssynchrony.

6.4 Cardiac Magnetic Resonance

(CMR)

Cardiac magnetic resonance imaging (CMR)
performed pre- and post-exercise demonstrated
biventricular systolic and diastolic dysfunction
occurring after 14 min of high-intensity exercise
in endurance trained athletes, a phenomenon not
observed in normally active individuals [33].

Myocardial fibrosis detected by CMR has
been reported in athletes, predominantly identi-
fied in the intraventricular septum and where
the RV joins the septum [34]. The underlying
mechanisms remain unknown, although some
studies have suggested that there may be evi-
dence for genetic predisposition, silent myocar-
ditis, pulmonary artery pressure overload, and
prolonged exercise-induced repetitive micro-
injury as contributors.

Contrariwise, according to a recent study
examining the cardiac structure and function in
33 long-term elite master endurance athletes (age
range, 30-60 years) with special focus on the RV
by contrast-enhanced CMR, RV ejec