Marc Thiriet

Diseases of
the Cardiac Pump

@ Springer



Biomathematical and Biomechanical Modeling
of the Circulatory and Ventilatory Systems

Volume 7

For further volumes:
http://www.springer.com/series/10155



Marc Thiriet

Diseases of the Cardiac Pump

@ Springer



Marc Thiriet

Project-team INRIA-UPMC-CNRS REO
Laboratoire Jacques-Louis Lions, CNRS UMR 7598
Université Pierre et Marie Curie

Place Jussieu 4

75252, Paris Cedex 05

France

ISSN 2193-1682 ISSN 2193-1690 (electronic)

Biomathematical and Biomechanical Modeling of the Circulatory and Ventilatory Systems
ISBN 978-3-319-12663-0 ISBN 978-3-319-12664-7 (eBook)

DOI 10.1007/978-3-319-12664-7
Library of Congress Control Number: 2014959283

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, express or implied, with respect to the material contained herein or for any
errors or omissions that may have been made.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

Me vero primum dulces ante omnia Musae, Quarum sacra fero ingenti perculsus amore,
Accipiant, caelique vias et sidera monstrent; Defectus Solis varios, Lunaeque labores: Unde
tremor terris, qua vi maria alta tumescant Obicibus ruptis, rursusque in seipsa residant: Quid
tantum Oceano properent se tingere soleshiberni: vel quae tardis mora noctibus obstet. [But
most beloved, ye Muses, at whose fane, Led by pure zeal, I consecrate my strain, Me first
accept! And to my search unfold,Heaven and her host in beauteous order rolled, The eclipse
that dims the golden orb of day, And changeful labour of the lunar ray; Whence rocks the
earth, by what vast force the main Now bursts its barriers, now subsides again; Why wintry
suns in ocean swiftly fade, Or what delays night’s slow-descending shade.]

(P. Vergilius Maro [c.-70—c.-19], Georgics, Book II)

The first volumes including Vols. 1-5, review main events and their associated signal
transduction processes in cells and biological tissues, that is, at the nano-, micro-,
and mesoscopic scales in normal conditions. Because of the amount of accumulated
data on the physiology and pathophysiology of the circulatory and ventilatory appa-
ratus, the initially scheduled one-volume book (referred to as Vol. 6 Circulatory and
Ventilatory Conduits in Normal and Pathological Conditions in previous volumes
of the series Biomathematical and Biomechanical Modeling of the Circulatory and
Ventilatory Systems) has been split. Volume 6 mainly targets the organ scale, that is,
the macroscopic scale, in normal conditions (i.e., anatomy and physiology of blood
circulation and the body’s ventilation), although it reviews histological and biochem-
ical data for a better understanding of macroscopic scale processes. Volumes 7 and
8 focus on pathological conditions that affect the heart (Vol. 7), vasculature, and the
respiratory tract (Vol. 8) in a modeling perspective rather than a clinical point of view.
They mainly deal with diseases of the cardiovascular and ventilatory apparatus in-
vestigated using biomechanical modeling. Some diseases have a mechanical origin;
most are associated with a mechanical disorder. Local flow disturbances can actually
trigger pathophysiological processes or, conversely, result from diseases of the pump
or conduit walls or their environment. The ability to model these phenomena is es-
sential to the development of a personalized medicine and manufacturing of medical
devices, which incorporates a stage of numerical tests in addition to experimental
procedures.
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Programs in computational medicine rely on a software-coupling platform aimed
at incorporating structural (anatomical) and functional data at various length and
time scales to simulate functioning of the physiological apparatus in both normal
and pathological conditions, thereby promoting personalized, predictive, and, if
possible, preventive healthcare. Modeling supports computer-aided diagnosis and
treatment planning, as well as prediction of therapeutic outcomes and prognosis.

Modeling is associated with numerical simulations of physical and chemical pro-
cesses. Problem formulation and mathematical analysis lead to the construction of
solution algorithms. Approximations result from inherent errors of mathematical
models of natural processes that arise from partial understanding of these phenom-
ena and their random nature, as well as measurement uncertainties. Moreover, model
equations cannot be commonly solved analytically. Problem equations are converted
to a set of algebraic equations (numerical approximations). Numerical procedures
introduce truncation errors associated with numerical approximations and round-off
errors, as a finite number of digits are used to represent numbers.

On the other hand, biomedical informatics aims at integrating the collection
of biochemical data, physiological signals, medical images, biological rhythms,
epidemiological factors, clinical history events, and simulation results into usable
information to foster the creation of new diagnostic and therapeutic methods and
improve both life quality and healthcare cost.

Bioinformatics supports the development of knowledge and data management
platforms to identify predisposition to diseases and biomarkers for early diagnosis
and therapy adaptation in a framework of individualized medicine. Tasks incorporate
data mining and information retrieval, indexing, and representation.

At nunc per maria ac terras sublimaque caeli multa modis multis varia ratione moveri cern-
imus ante oculos. ..” [But by seas, lands, and heights of heaven many things move in many
ways for various reasons before our eyes]

(T. Lucretius Carus [c.-99—c.-55], De Rerum Natura [On the Nature of Things], Book I)

Physiological flow behavior in pathological conditions is described by a set of conser-
vation equations. The Navier—Stokes equations (Vols. 1, Chap. 1, Cells and Tissues;
and 9, Chap. 1, Hemodynamics), derive from the continuum mechanics theory. This
equation set predicts transient flow behavior of a fluid of given properties in a given
domain of the highly deformable cardiac pump using proper boundary conditions
and values of flow-governing dimensionless parameters.

Mathematical modeling also targets maladaptive tissue growth that causes mural
pathologies, especially in the heart (hypertension-initiated cardiac hypertrophy) or
results from medical device implantation. Tissue remodeling can be investigated
at a macroscopic scale and all micro- and mesoscopic scale phenomena lumped in
parameters that are incorporated in a system of nonlinear, coupled, parametric, partial
differential equations. This type of equation set is used in continuous-type models
that rely on mixture theory. However, this solving procedure necessitates an efficient
identification stage to estimate involved parameters.

Like Vol. 6, the present book mainly refers to the macroscopic scale, although
nano- and microscale pathophysiological mechanisms are described. It includes nine
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chapters. Chapters 1 and 2 describe the context, factors, and processes involved in
pathogenesis of cardiac diseases. Chapter 3 is devoted to adverse cardiac remodeling,
that is, fibrosis and hypertrophy, Chap. 4 to cardiomyopathies, Chap. 5 to rhythm
and conduction alterations, Chap. 6 to cardiac valve diseases, Chap. 7 to heart fail-
ure, Chap. 8 to coronary artery disease and myocardial infarction, and Chap. 9 to
interventional medicine and surgery of cardiac diseases.
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Chapter 1
Pathogenesis of Cardiac Diseases

O Broo Bpaxvo, n 8e tex v pakpr, 0de Kalpoo oEvao, M
de meLpa opakepn, M 8€ KPLOLO X ANETIT.

[Life is short, art long; opportunity fleeting; experience
perilous, and judgment difficult. ]

(Hippocrates of Cos [c.— 460—c.— 370], Aphorisms, Sect. I)

In the present handbook, the nouns ailment, disease, illness, malady, pathology,
sickness, and syndrome, are often used as synonyms to avoid multiple repetitions of
the same word. However, these terms can have distinct meaning.

A syndrome is a collection of signs (observed by individuals external to the pa-
tient), symptoms (reported by the patient), and phenomena or features that frequently
appear together.! For example, a metabolic syndrome is not a disease; it underlies a set
of diseases and dysfunctions, such as obesity, type-2 diabetes, insulin resistance, dys-
lipidemia, chronic inflammation, and hypertension, with possible history of stroke
and coronary heart disease. A syndrome is, at least originally, less understood than
a disease, but can be later explained, or, at least, various pathophysiological as-
pects involved in the context of a syndrome can be handled (e.g., signaling pathway
dysregulation and immunity abnormalities). In other words, the noun usage often
continues to be utilized even after an etiology has been successful or when numer-
ous causes that generate the same combination of symptoms and signs have been
detected. In fact, some syndromes have a single cause; others have multiple possible
causes; the cause of a third category of syndromes remains unknown. Many syn-
dromes are eponymous, i.e., named after the namegiver physicians that first reported
the association.

A disease is a disorder in a physiological apparatus or organ that affects the
bodily function. It corresponds to any disturbances of the structure—function relation
of a tissue, organ, or physiological apparatus manifested by a characteristic set of
symptoms and signs and whose etiology and prognosis can be usually identified
and predicted. A disease is a condition characterized usually by at least two criteria
among three basic elements: (1) recognized etiologic agent (cause); (2) identifiable
group of signs and symptoms; and (3) consistent anatomopathologic alterations.

! suvdpopoc: running together; Guvdpon: tumultuous concourse.
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2 1 Pathogenesis of Cardiac Diseases

Some diseases can cause a particular syndrome. The term disease is more concrete
than illness, which can also include mental aspects.

An illness is an abnormal process in which aspects of the social, physical, emo-
tional, and/or intellectual function of a person are impaired compared with previous
behavior. It is a malady of either body or mind, the symptoms of which may be
physically unobservable. Illness encompasses the subjective characteristics of the
disturbance as a whole rather than only objective symptoms.

A sickness commonly results from difficulty of adjusting to environmental
conditions (e.g., altitude, sea, car, decompression, and radiation sickness).

Cardiovascular disease refers to any dysfunctioning or lesion that affects the
cardiovascular apparatus, the cardiac pump, as well as the irrigation and drainage
circuits, mainly those of the heart, brain, and kidneys.

1.1 Gene Transcription in Cardiovascular Diseases

The transcriptional control of the cardiovascular function involves programs of gene
activation and suppression. Transcription factors, chromatin remodelers, and histone
modifiers, that is, a set of coactivators and corepressors cooperates to influence
chromatin state and hence controls accessibility of nucleosomal DNA, as well as
directly regulates gene expression in the heart.

During cardiogenesis, chamber specification is controlled by temporal and spatial
expression of cardiac transcription factors such as heart and neural crest derivatives
expressed factor HAND, GATA-binding protein GATA4, myocyte enhancer factor
MEF2, cardiac-specific NK2 homeobox-encoded factor NKx2-5, and T-box factor
TBx5 [1]. Transcription factors GATA4, MEF2c, MEF2d, and myogenic differenti-
ation factor MyoD, are involved in transcriptional programs launched by signals that
control pathological gene expression in the heart [1].

1.1.1 Chromatin Remodelers

Chromatin architecture and its modification is involved in gene regulation as well as
DNA repair, recombination, and replication. In the cell nucleus, DNA is packaged
by histones to form structured nucleosome units. Chromatin remodeling is gov-
erned by two categories of enzymes: histone modifiers and ATP-driven nucleosome
repositioners.

Transcriptional controllers encompass:

* Catalyzers of chemical modifications (i.e., acetylation and methylation) of histone
proteins within the chromatin by histone acetyltransferases (HATSs), deacetylases
(HDAC), and methyltransferases (HMT);

* Conditioners of the chromatin structure and topology such as chromatin re-
modelers and helicases of the switch/sucrose nonfermentable(Swi/SNF) ATPase
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Table 1.1 Chromatin modifications and histone deacetylase (HDAC)-dependent pathological gene
expression in the heart. (Source: [1])

Type Disease Target genes
HDACI1 Cardiac hypertrophy Ncxl
BECNI1 (autophagy related beclin-1)
HDAC2 Cardiac hypertrophy, Anp, Bnp
fibrosis Kif, Yyl
Hsp70, ATGS5, BECN1 Inpp5f, Gsk38
HDAC3 Cardiac hypertrophy, Tnfsfl
fibrosis
HDAC4 Heart failure, SUV39H1
ischemia HIF1A
HDACS Cardiac hypertrophy NKX2.5, p300
Ischemia Ncxl
HDAC6 Cardiac hypertrophy
(induced by
angiotensin-2; pro)
HDACY9 Cardiac hypertrophy FOXP3

complex implicated in cardiogenesis and heart diseases, in particular, Swi/SNF-
related, matrix-associated, actin-dependent regulator of chromatin SMARCa2
and SMARCa4:2 and

* Noncoding RNAs (e.g., Braveheart) that interact with chromatin.

HDACs and HMTs are associated with certain cardiac pathologies (Tables 1.1
and 1.2). Mutations in genes encoding HMTs may contribute to congenital heart
disease.

Class-1 nuclear histone deacetylases (HDAC1-HDAC3 and HDACS), class-2
HDACS, which shuttle between the cytosol and nucleus and can further be subdivided
into subclass-2a (HDAC4, HDACS5, HDAC7, and HDAC9) and -2b (HDAC6 and
HDACI10), and class-4 HDACs (HDAC1 1), which localize to the nucleus and cytosol
and depend on zinc. Class-2a HDACsS repress cardiac hypertrophy. On the other
hand, class-3 HDACS, or sirtuins (SIRT1-SIRT7), rely on nicotinamide adenine
dinucleotide (NAD™). They reside in both nucleus and cytoplasm.

The class-2b cytoplasmic histone deacetylase HDAC6, which lodges in striated
(cardiac and skeletal) myocytes and deacetylates cytoskeletal proteins, is involved in
adverse remodeling induced by chronically signaling angiotensin-2 [2]. HDAC6™!
mice develop cardiac hypertrophy and fibrosis, but without cardiac function alter-
ation, in response to angiotensin-2 administration during up to 8 weeks, whereas

2 Also known as Brahma homolog Brm and Brahma-related gene product BrGl, respectively.
SMARCa4 supports binding to target gene promoters of cardiac transcription factors GATA4,
NKx2-5, and TBx5 [1]. In addition, SMARCa4 can assist linkage of the DNA-binding protein
poly(ADP-ribose) polymerase PARP1 with chromatin, especially in adverse cardiac hypertrophy.
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Table 1.2 Chromatin modifications associated with histone methylation and demethylation in
cardiac diseases. The MYH6 and MYH?7 genes encode a- and B-cardiac myosin heavy chain,
respectively. (Source: [1])

Type Function Pathology (role) Target gene
ASxL2 H3Ky;me? Ischemic and MYH6/7
idiopathic DCM
KMTlIc H3Kome? Ischemia (pro) Sirtl
KMT3c H3Kj3sme ND ND
KMT3d H3K me Arrhythmia (pro) ND
KMT4 H3K79me DCM (anti) DMD (dystrophin)
KMT6 H3Ky;me? ND Anp, Bnp, MYH6/7
KDM3a ND ND ND
KDM4a H3Ky demethylase Cardiac hypertrophy, Anp
HCM, ICM (pro) Fhll
KDM4b H3Ky demethylase DCM, ICM (pro) Anp, Bnp
KDM6a H3K;7 demethylase Hypoxia (pro) Nos3
KDM6b H3K,; demethylase Hypoxia (pro) Nos3
PaxIP1 Cofactor of KMT2c/d Ventricular KCNIP2
(H3K,me?) arrhythmia (anti)
HDM H3K,yme? Heart failure DUX4
H3Kome®
H3K3¢me?

ASxL additional sex combs-like protein, HDM histone demethylase, KDM histone Lys (K)-specific
demethylase, kKKMT histone Lys (K) Nmethyltransferase, PaxIP paired box (Pax)-interacting with
transcription-activation domain protein, anti impedes disease, pro favors disease, DCM dilated car-
diomyopathy, HCM hypertrophic cardiomyopathy, /CM ischemic cardiomyopathy, DUX double
homeobox gene, FHL four and a half LIM domain-containing protein, ND not described

wild-type mice develop systolic dysfunction. Inhibition of HDAC6 preserves
systolic function.

Histone acetylation and methylation that result from developmental programs of
the heart dictate cardiac gene expression. Histone Lys Nmethyltransferase KMT6?
and paired box (Pax) transactivation domain-interacting protein PaxIP1 (or PTIP) are
two HMTs involved in chromatin condensation. The former participates in cardiac
myosin heavy chain (MHC) gene regulation, as it interacts with a long noncoding
RNA in chromatin [1].

3 Also known as Enhancer of zeste homolog EZH2, a polycomb group HMT. Polycomb group
members are connected to several regulatory complexes that promote chromatin modification and
maintain gene silencing. Methylation of H3K,; by KMT6 is mandatory in cardiomyocyte lineage
specification during mouse embryogenesis.
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Trimethylation H3K3¢me? is typically associated with transcriptional elongation
and DNA methylation that cooperate to regulate the expression of double homeobox
Dux4 gene in the failing human heart [1].

Histone-3 trimethylation at Lys4 (e.g., H3K4me?) and some types of acetylation
(H3Kyac and H4K4ac) are generally correlated with permissive gene transcription,
as they weaken the connection of histone proteins and DNA.

In particular, H3K;me? enables the expression of the KCNIP2 gene that encodes
Ky channel-interacting protein KChIP2 involved in repolarization [1]. Expression
of the KCNIP2 gene associated with reduced H3K,me? at its promoter falls in heart
failure. cAMP-responsive element-binding protein (CREB)-binding protein (CBP)
and P300 are two HATS detected on activated genes in the left and right ventricles
of the heart. Binding of cardiac transcription factors, such as SRF and GATA4, may
be mediated at least partly by P300 acetyltransferase [1].

The histone modifiers, additional sex comb-like protein ASxL2 and histone Lys
Nmethyltransferase KMT6, interact at MHC promoters [1].

On the other hand, methylation of H3Ky and H3Ky;me? and deacetylation are
correlated with gene transcription suppression, as they cause chromatin condensation
(i.e., transcriptionally repressive chromatin conformation) [1]. In mouse models,
ischemic reperfusion provokes H3Kome? at the Sirtl promoter, hence suppressing
the Sirtl gene transcription.

However, whereas deacetylation of histone tails is linked to transcriptional
suppression, deacetylation of nonhistone proteins often activates gene expression.

The Polycomb repressive complexes PRC1 and PRC2 cause gene silencing via
intrinsic HMT activity. The PRC2 holoenzyme is a complex of HMTs, which leads
to H3K,7me> modification.

The regulation of gene expression involves the coordinated actions of the tran-
scriptional machinery and regulators (i.e., activators or repressors at gene promoters).
Gene transcription can result from a loss of inhibitory methylation and a gain of
stimulatory acetylation in a given Lys residue (e.g., K,7) of histone H3.

1.1.2 Gene Transcription and Mechanical Factors

At a given station, the velocity and possibly the direction of blood flow change
(e.g., in limb arteries, but not in cerebral arteries) during the cardiac cycle, in addi-
tion to spatial variations along the vascular circuit. The endothelium is sensitive to
hemodynamic shear stresses applied at its luminal surface (Vol. 5, Chap. 9. Vascular
Endothelium).

Blood flow via hemodynamic stress exerted on the wall-wetted surface as well
as within the wall can promote expression of genes that encode antiatherogenic,
antithrombotic, and anti-inflammatory factors [3].
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1.1.2.1 Sheared Endothelium

The vascular endothelium is a thin monolayer of cells that line the luminal surface of
all blood and lymph vessels. This barrier controls the exchange of water, electrolytes,
macromolecules, and cells between the vascular lumen and surrounding tissue. It
regulates leukocyte adhesion and transendothelial migration, as well as platelet ag-
gregation via the expression of adhesion molecules. It supervises smooth myocyte
function via vasoactive substances (e.g., nitric oxide, prostacyclin, and endothelin-1).

Inside the vascular wall, cyclic strain and stretch result form the normal hemody-
namic stress, blood pressure. The latter indeed cyclically generates axial and circum-
ferential tension applied to both intimal endothelial and medial smooth muscle cells.

Shear is the mechanical force created by blood particles decelerated (slowed) by
the immobile solid wall or by adjacent slower blood particle (in the local normal
direction to wall surface) on its wall-facing surface and accelerated (dragged, i.e.,
gaining momentum) by adjacent quicker blood particle. At the wetted endothelial
surface, the moving blood particle exerts a tangential force and cyclically shears the
luminal border of endotheliocytes.

Shear stress sensors of endotheliocytes include ion channels, plasmalemmal re-
ceptors (GPCRs and RTKs), adhesion molecules connected to the cytoskeleton and
matrix fibers, and caveolae, as well as the glycocalyx and primary cilia. Mechanore-
ceptors convert mechanical cues into chemical signals that control cell function and
fate via stored molecules and regulation of gene expression.

Cultures of endotheliocytes in the absence of mechanical stress do not mimic
the physiological condition. Once endotheliocytes are exposed to shear stress (the
common situation in vivo), expression of some genes increases with respect to that
at rest (unphysiological condition), such as those that encode NOS3, thrombomod-
ulin, cytochrome-P450, heme oxygenase-1, diaphorase-4, PECAMI, regulators of
G-protein, and KLF2 and KLF4 [4]. On the other hand, the expression of genes
encoding inflammatory and thrombogenic agents (e.g., VCAMI1, E-selectin, TGFS,
and BMP4) is downregulated.

Transcription factors of the Kriippel-like factor family regulate responses to shear
stress and engender anti-inflammatory and anticoagulant transcripts. The Kriippel-
like factor KLF2 elicits expression of atheroprotective genes, such as those encoding
NOS3, thrombomodulin, MAPK9, and von Willebrand factor, and impedes transcrip-
tion of proatherogenic genes, such as those encoding NFk B, BMP4, interleukin-8
(CXCLS8), and Serpin-E1) [4]. However, endothelial signature genes, such as those
encoding VEGFR1 and VEGFR2, TIEl and TIE2, PDGF, VEGEF, and cadherin-5
are not significantly influenced by KLF2. KLF2 and KLF4 are regulated via the
MAP2KS5-ERKS pathway.

1.1.2.2 Hemodynamic Stress and Vascular Remodeling

Hemodynamic stress field on and in the vascular mural domain influences not only
the vascular tone, that is, the local size of the vascular lumen and, hence, the flow
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resistance, but also outward and inward vascular remodeling (Vol. 5, Chap. 11. Tissue
Development, Repair, and Remodeling). Atherosusceptibility refers to an adaptive
chronic low-level inflammatory state that ensures the endothelial function with an in-
creased likelihood of atherogenesis. Atherosclerotic plaques do not distribute evenly
over the arterial bed, but localize to predilection sites with low-magnitude velocity
at bifurcations, side branches, and some regions of curved arteries, where a reduced
blood flow velocity supports uptake and activation of molecules and inflammatory
cells. In addition, some shear stress patterns provoke specific plaque compositions
in a high-cholesterol environment, a low and oscillatory shear stress favoring plaque
stabilization with respect to a low steady regime [4].

1.1.2.3 Mechanical Stress and Stem Cells

The adult heart is not a fully terminally differentiated organ, as a cardiomyocyte
turnover exists with a rate estimated at about 1 %/year in young adults and 0.5 %/year
in the elderly.

Mechanical stresses influence vascular injury and repair. In particular, blood flow
impacts maturation of circulating or resident stem cells into functional vascular cells.
A heterogeneous population of stem and progenitor cells may exist in different layers
of the vessel wall.

In healthy walls, stem cells are quiescent and localize to parietal stem cell niches.
SCFR+, Scal+, Lin— or Sox17+, Sox10+, and S1008+ multipotent stem cells
can differentiate into many cell types. HCAM+, NT5E+, Thyl+, CD34—, and
PTPRc— mesenchymal stem cells constitute a second stem cell population. The
third population is formed by CD344-, NG2+, and PDGFRB+ pericytes [5].

Vascular stem cells can differentiate into endotheliocytes or migrate across the
vessel wall and subsequently differentiate into intimal smooth myocytes [5].

Endothelial progenitor cells reside within the endothelium as well as in the intimal
subendothelial layer, where they can form neovessels, although they are normally
dormant [5].

Pericyte progenitor cells lodge around adventitial vasa vasorum. They support
angiogenesis [5].

In the blood vessel wall, multipotent vascular stem cells can differentiate into
neurons and mesenchymal stem cell-like cells that subsequently differentiate into
smooth myocytes [5]. At least some lesional smooth myocytes with a proliferative
and synthetic phenotype derive from these stem cells rather than smooth myocytes
that dedifferentiated and migrated from the media.

Resident stem cells may be released into the blood circulation. They can differen-
tiate into vascular cell lineage to repair damaged vessels or form new microvessels
in damaged tissues. In addition, bone marrow stem cells can generate circulating
endothelial progenitor cells. Smooth myocyte progenitors also flow in blood and can
contribute to the pathogenesis of vascular diseases [5].

Vessel-resident (intimal, medial, and adventitial) and bloodborne vascular pro-
genitor cells differentiate according to their location within the vascular wall into
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smooth myocytes when stretch is the main actor and endotheliocytes when shear is
the major player, despite its lower magnitude, as the shear sensor density may be
higher than that of stretch transducers [5].

1.1.3 Gene Transcription in Cardiomyocytes and Glucocorticoids

The stress response relies on the hypothalamic—pituitary—adrenal axis. This activated
axis triggers the release of glucocorticoids from the adrenal gland. Glucocorticoids
have potent anti-inflammatory and immunosuppressive effects. These stress hor-
mones connect to the glucocorticoid receptor (GR), a member of the nuclear receptor
superfamily of ligand-dependent transcription factors (NR3cl).

Expression of genes involved in GR-deficient hearts include [6]: (1) the mainte-
nance of cardiac contractility (DMD [dystrophin] and RYR2 [cardiac ryanodine
receptor]); (2) repression of adverse cardiac hypertrophy (KIf15 [Kriippel-like
factor-15 and TRIMG63 [Tripartite motif-containing protein-63; also known as
Muscle-specific RING finger ubiquitin—protein ligase (MURF1)]); (3) promotion
of cardiomyocyte survival (Ptgds [prostaglandin-D; synthase]); and (4) inhibition of
inflammation decreases (LCN2 [lipocalin-2], and Zfp36 [Zinc finger protein-36 or
tristetraprolin]). The dysregulated glucocorticoid-responsive target genes (lowered
expression) encode many transcription factors, plasmalemmal receptors, and effec-
tors of G protein-coupled receptor (GPCR) and mitogen-activated protein kinase
(MAPK) signaling [6]. A glucocorticoid signaling deficiency to cardiomyocyte thus
causes maladaptive cardiac hypertrophy, heart failure, and death [6].

In addition to GR, cardiomyocytes express the mineralocorticoid receptor (MR;
NR3c2) that binds aldosterone and glucocorticoids with similar high affinity.
Glucocorticoids typically circulate at much higher levels than aldosterone, and
cardiac-specific MR may be primarily occupied by glucocorticoids [6]. However,
the contribution of MR is negligible.

Patients who bear a single nucleotide polymorphism (A3669G) in the GR gene are
characterized by an increased expression of the dominant-negative receptor variant
GRP and concomitant glucocorticoid resistance. They have an augmented risk of
coronary artery disease, adverse cardiac hypertrophy, systolic dysfunction, and heart
failure [6]. In addition, patients with Addison’s disease identified by a decreased
production of glucocorticoids have heart failure.

1.2 Myocardial Regeneration Capacity

Regeneration of the cardiac wall requires the recreation of the myocardial struc-
ture with its stroma, nodal tissue, and vasculature and restoration of the contractile
function of quasi-synchronized cardiomyocytes due to distinct electrophysiological
features according to regional and intramural localization. The cardiac regeneration
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may be achieved by stimulating the proliferation of cardiac progenitors as well as
cardiomyocytes.

Whereas the mammalian fetal or neonatal heart can repair and generate a
new contractile myocardium after damage, after a later myocardial loss, fibrosis
predominates. The capacity of the heart to repair after damage remain thus restricted.

1.2.1 Cardiomyocytes Before and After Birth

The heart is the first organ built during embryo- and fetogenesis. During the fetal
life, differentiated cardiomyocytes enter the cell cycle. The primitive heart formed
in the early stages of cardiac specification mostly consists of quiescent cells. As
development progresses, cardiomyocytes at the outer curvature resume proliferation
to form the future chambers. On the other hand, cardiomyocytes at the inner curvature
do not enter the cell cycle and will form the conduction system.

Embryonic and neonatal cardiomyocytes are capable of synthesizing, assembling,
and disassembling their contractile proteins via the assembly of contractile structures
for chromosome segregation and cytokinesis when they proliferate [7].

Proliferation and differentiation are not mutually exclusive in the developing as
well as adult heart in some animal species that can regenerate their cardiac pump. For
example, the damaged zebrafish heart reactivates a developmental program involving
the expansion of GATA4+ cardiomyocytes to achieve regeneration [7].

However, the cardiomyocyte proliferation is limited in mammals. In humans, the
cardiomyocyte stops dividing early after birth, possibly due to intracellular activation
of the cyclin-dependent kinase inhibitors CKI1b and CKI2c, when breathing brings
a sudden and marked increase in oxygenation ( the arterial oxygen partial pressure
Pao, ranges from 2.4 to 3.7 kPa [18-28 mmHg] which, during the fetal life, rises to
13.3kPa [100 mmHg]) [7]. At birth, oxygen free radicals and reactive oxygen species
(ROS) may stop cardiomyocytes proliferation and favor their terminal differentiation.

The neonatal cardiomyocytes lack a developed T-tubular network (microscopic
invaginated segments of the sarcolemma); the myofibrils are located near the sar-
colemma. In growing cardiomyocytes, T-tubules develop within a few days after
birth.

Caveolin-3 localized to the nanoscopic invaginations of the sarcolemma, caveolae,
transiently associates with primitive T-tubules. The location of various K*, Nay1,
and Cay 1.2 channels relies on caveolae.

Bridging integrator BInl (or Mamphiphysin-2) is a major agent of T-tubule gen-
esis and transfer of Ca>* handling proteins in T-tubules. This membrane scaffold
initiates T-tubule genesis in striated myocytes, as it induces membrane curvature. In
addition, it determines the delivery of microtubule-transported membrane proteins.
In particular, it forms BIn1-Cay 1.2 clusters and tethers microtubules to membrane,
thereby supporting Cay1.2 delivery to the T-tubular membrane [8]. It especially
anchors microtubules and Cay 1.2 at junctional membrane complexes. These spe-
cialized nanodomains connect ion channel clusters between transverse tubule and
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sarcoplasmic reticulum that are involved in excitation—contraction coupling that links
membrane depolarization to mechanical contraction. A small entry of extracellular
Ca?* through Cay1.2a causes a large Ca®>* release from its major intracellular store
through RyR2 channels. This Ca>*-induced Ca?* release (CICR) inactivates Cay 1.2a
for repolarization. Altered splicing and mutations of Bin1 are involved in myopathies.

In cardiomyocytes, junctophilin-2 encoded by the JPH2 gene is a major structural
protein in T-tubules that forms junctional membrane complexes. Junctophilin-2 spans
the junctional distance (~12 nm cleft) and tethers the plasma membrane to that of
the sarcoplasmic reticulum to facilitate Ca?>* handling [9]. Its N-terminus is attached
to the T-tubular sarcolemma and its C-terminal transmembrane domain is embedded
in the sarcoplasmic reticulum. Junctophilin-2 is necessary for the development of
postnatal T-tubules and stabilization of junctional membrane complexes in mature
cardiomyocytes. Junctophilin-2 also interacts with caveolin-3 [9]. Its deficiency by
mutations or expression downregulation is linked to hypertrophic cardiomyopathy,
arrhythmias, and heart failure.

1.2.2 Oxygen Concentration and Cardiomyocyte Proliferation

The epicardium, which can be considered as a cardiac stem cell niche, is sub-
jected to a relative hypoxia that yet enables the proliferation of cardiac progenitor
cells. Epicardial progenitor cells are activated during embryogenesis and generate
cardiomyocytes, endotheliocytes, and vascular smooth myocytes, as well as in adult-
hood after injury, once they are stimulated by thymosin-B4 [7]. The latter activates
epicardial progenitors by upregulating antioxidative enzymes, thereby attenuating
oxidative stress in these cells. In addition, a low oxygen partial pressure promotes
the proliferation of human cardiomyocyte progenitors [7].

1.2.3 Mechanical Load and Cardiomyocyte Proliferation

In addition, cardiomyocytes are subjected to an increased mechanical load after birth.
Cells of the inner wall surface, which sense shear in addition to stretch, are the first
to exit cell cycle [7]. Cardiomyocytes are equipped with stress and strain sensors in
Z disks and titin filaments that can modify the transcriptional activity. Stretch can
provoke the production of growth factors and cytokines, such as IL6 and IGF1, which
serve as paracrine controllers of cardiomyocyte proliferation [7].* Mechanical strain
increases the intracellular level of ROS that promote cardiomyocyte differentiation
and block their division.

4 The heart of fishes, amphibians, and reptiles bears low pressure and high cardiac regenerative
capacity.



1.2 Myocardial Regeneration Capacity 11

1.2.4 Growth Factors and Cardiomyocyte Proliferation

Neighboring fibroblasts, endotheliocytes, smooth myocytes, adipocytes, and in-
flammatory cells influence cardiomyocyte proliferation, as they release paracrine
messengers, in particular growth factors and cytokines.

In neonatal cardiomyocytes, fibroblast growth factor FGF2 promotes DNA syn-
thesis via activated protein kinase-C [7]. In the adult myocardium, the FGF2 activity
is potently inhibited by FGF16, which is preferentially expressed in the postnatal
heart.

In neonatal cardiomyocyte cultures, platelet-derived growth factor supports cell
proliferation, as it represses the Gl-phase inhibitor CKI1b, activates PKB, and
inhibits GSK3 [7].

Inflammatory meukocytes secrete the TNFSF12 cytokine that helps cardiomy-
ocyte proliferation upon binding to TNFRSF12a receptor expressed by neonatal car-
diomyocytes and downregulated in adulthood, except in pathological conditions [7].

Interleukin-6, which is abundantly secreted in the heart by both epicardiocytes
and hypoxic adipose stromal cells, augments the proliferation rate of cultured slow-
dividing neonatal cardiomyocytes [7].

Neuregulin-1, a member of the EGF family, is an inducer of adult cardiomyocyte
proliferation via HER4 receptor [7]. Neuregulin-1 is first expressed by the endocar-
dial endothelium of neonatal hearts, where it participates in trabeculation and cushion
formation, and later by endotheliocytes. Periostin is another secreted molecule that
may increase proliferation of both neonatal and adult cardiomyocytes via integrins
and the PI3K pathway [7].

1.2.5 Extracellular Matrix and Cardiomyocyte Proliferation

The composition of the extracellular matrix contributes to the control of the rate of
cardiomyocyte proliferation before and after birth. The cardiomyocyte division in the
developing heart correlates with the regulated synthesis of matrix proteic constituents
and integrins. In the fetal myocardium, the extracellular matrix that is enriched in
fibronectin supports cardiomyocyte proliferation [7].

On the other hand, an elevated concentration of collagen-1 impedes cardiomy-
ocyte proliferation after birth [7]. Focal adhesion kinase (FAK) that assists fibronectin
binding to integrins facilitates cardiomyocyte proliferation during cardiogenesis
heart development. FAK-related nonkinase (FRNK), the noncatalytic FAK C-
terminus, is transiently expressed in the postnatal heart with peak levels occurring just
prior to the withdrawal of cardiomyocytes from the cell cycle [7]. Therefore, FRNK
may dampen FAK-dependent cardiomyocyte cell cycle progression and facilitate cell
cycle exit in the postnatal myocardium.
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1.2.6 MicroRNAs and Cardiomyocyte Proliferation

Cardiogenesis as well as cardiac homeostasis in adulthood is controlled by several
different microRNAs [7]. These genome-encoded small RNAs mediate posttran-
scriptional silencing, thereby preventing unwanted gene expression.

The expression of microRNA-195, a member of the MIR15 family, is in-
duced when cardiomyocytes exit the cell cycle. MiR29a and miR133 also suppress
cardiomyocyte proliferation.

On the other hand, miR199a-3p and miR590-3p are able to cause cell cycle reentry
and cytokinesis of cultured adult cardiomyocytes [7]. In vivo, these miRs specifically
promoted cardiomyocyte (but not fibroblast) proliferation in both neonatal and adult
hearts after myocardial infarction.

MicroRNA-499 promotes neonatal cardiomyocyte proliferation via Sox6 and
cyclin-D1 [7]. The microRNA-17-92 cluster is also involved in cardiomyocyte pro-
liferation, as its overexpression engenders cardiomyocyte proliferation in embryonic,
postnatal, and adult hearts.

1.2.7 Genetic Manipulations and Cardiomyocyte Proliferation

The cardiomyocyte proliferation can be stimulated by different types of extracellular
molecules. In the mouse adult heart, a slow-rate cardiomyocyte renewal is sustained
by the division of preformed cardiomyocytes [7].

The exogenous administration of selected growth factors is capable of inducing
neonatal and, in some instances, also adult cardiomyocyte proliferation [7]. The
cardiac regeneration in the adult heart may also be achieved by reactivating the
cardiogenesis program.

In addition, certain diffusible factors can regulate the proliferation and cardiac
commitment of endogenous or implanted stem cells. The type of cardiomyocytes
(nodal, atrial, or ventricular) can be identified by electrophysiological properties
(e.g., shape of action potential waveform and duration and amplitude of generated
action potentials). The characterization of action potentials enables automated cate-
gorization of cardiomyocyte populations from embryoid bodies (i.e., aggregates of
pluripotent stem cells formed from embryonic or induced pluripotent stem cells by
reprogramming somatic cells) for optimal implantation [10]. The Notch pathway op-
erates between adjacent cells expressing Notch ligands (Jag1 and Jag2 and DLL1 and
DLL3-DLL4) and receptors (Notch-1-Notch-4; Vol. 3, Chap. 10. Morphogen Re-
ceptors). In the developing heart, Notch modulates cardiomyocyte survival, cardiac
stem cell differentiation, and angiogenesis and regulates trabeculation, cardiomy-
ocyte proliferation, and valve formation [11]. In the postnatal heart, the Notch
axis controls cardiac precursor expansion and differentiation, thereby sustaining
cardiomyocyte proliferation.

However, in adult mice hearts, reactivation of the Notch pathway does not assist
cardiac regeneration after myocardial infarction [7]. Therefore, at least in adult rodent
hearts, cardiac regeneration does not necessarily mimic that in embryonic hearts.
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On the other hand, in the adult heart of mice overexpressing the Notch ligand
Jagged-1 on cardiomyocytes, activated Notch limits adverse cardiac remodeling
[11]. Notch actually impedes cardiomyocyte apoptosis as well as cardiac hypertro-
phy in adult mouse hearts subjected to pressure overload and fibrosis mediated by
transforming growth factor-f and its effector connective tissue growth factor [11].
Hence, the Notch pathway acts on cardiac mesenchymal stromal cells (cardiac fi-
broblasts and precursor cells). It reduces the proliferation of myofibroblasts. It also
stimulates the expansion of SCA14- and NKx2-5+ cardiac precursor cells [11].

Overexpression of cyclin-A2 that enables the cell cycle progression through
the G2-M checkpoint (Vol. 2, Chap. 2. Cell Growth and Proliferation) can
engender cardiomyocyte proliferation [7]. Cyclin-D1 causes a sustained DNA syn-
thesis, but abnormal patterns of multinucleation. Overexpressed cyclin-D2 supports
regenerative proliferation.

In transgenic mice, overexpression of CDK2 kinase also transiently raises
cardiomyocyte proliferation [7]. Less-differentiated and mononucleated cardiomy-
ocytes abound.

The transcription factor and regulator of cardiogenesis Meis homeodomain-
containing protein Meis1 acts as a modulator of cell proliferation after birth.

The genetic Meisl deletion extends cardiomyocyte proliferation after birth and
reactivates cell division in adult hearts [7].

The postnatal cardiomyocyte proliferation is controlled by many signaling
cascades, such as the Hippo pathway, and modulated by microRNAs.

The Hippo kinase cassette intervenes in myogenesis, organ size control, and regen-
eration of the heart [12]. Kinases and scaffold proteins of the Hippo axis suppress cell
proliferation. The Hippo pathway regulates the activity of TEA domain-containing
transcription factors (TEAD1-TEAD4) mainly via phosphorylation of the transcrip-
tional coactivators YAP1 and WWTR1 that activate TEAD factors (Vol. 4, Chap. 10.
Other Major Types of Signaling Mediators).

The cardiomyocyte proliferation involves the activation of IGF1 receptor, sub-
sequent PKB activation, and inactivation of GSK3g, which stabilizes B-catenin, a
promoter cardiac development [7].

The main effectors of the Hippo pathway are the transcriptional coactivators YAP1
and YAP2 that derepress the genes activated by the Wnt—p Ctnn pathway. Genetic
deletion of the upstream inactivating effectors (STK4, WW45 [Sav1], and LaTS1/2)
causes cardiac hyperplasia [7]. On the other hand, transgenic mice overexpress-
ing STK4, LaTS1, or LaTS2 die postnatally with dilated cardiomyopathy without
compensatory ventricular myocyte hypertrophy.

1.2.8 Growth Factors and Cardiac Progenitor Proliferation in the
Adult Heart

Various types of adult progenitor cells have been injected into damaged hearts or
into coronary circulation, such as mesenchymal stromal cells, hematopoietic stem
cells, endothelial progenitor cells, skeletal myoblasts, and cardiac progenitor cells to
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ensure cardiac protection, metabolism, contractility, proper remodeling, and neovas-
cularization via stem cell paracrine signaling using growth factors, cytokines, and
chemokines (FGF1-FGF2, HGF, IGF1, PDGF, VEGF, Nrgl, angiopoietin-1, IL6,
and CXCL12), as well as differentiation and repopulation.

1.2.9 Heat Shock Proteins and Cardiac Repair

The member HSPal2b of the HSP70 family is predominately expressed in endothe-
liocytes of the heart, brain, lung, kidney, and adipose tissue, among others, but not
in liver sinusoids [13]. In the heart and brain, the vascular endothelium of vessels
of all sizes produces HSPal2b, whereas in lungs and adipose tissue, it is mainly
synthesized in capillaries. It is required for angiogenesis, specifically in adhesion,
migration, and tube formation.

The heat shock protein HSPal2b possesses 22 client proteins such as aryl hy-
drocarbon receptor nuclear translocator (ARNT). Among them, A-kinase-anchoring
protein AKAP12 and podocalyxin-like protein PodxL are implicated in cell adhesion.

HSPal2b protects endotheliocytes against lipopolysaccharide-induced dysfunc-
tion and inflammation, as well as cerebral ischemia—reperfusion injury via the
PI3K-PKB pathway possibly stimulated by angiopoietin-1 [13].

Transgenic mice expressing human HSPal2b specifically in endotheliocytes
(without change in expression of other HSPs [i.e., HSPb5, HSP25, HSP60, HSP72,
and HSP90]) have an improved cardiac function and remodeling assessed by left
ventricular enlargement, wall thinning, and fibrosis, with a lower rate of cardiomy-
ocyte apoptosis and higher capillary and arteriolar densities, from 1 to 4 weeks after
myocardial infarction compared with wild-type mice [14]. The HSPal2b chaperone
yields a protective and reparative response to ischemic insult in the heart.

Under ischemia, levels of proteins involved in cardiomyocyte survival and an-
giogenesis, such as NOS3 (without significant change of NOS2), Angl, VEGF, and
BCL2, are further elevated [14]. Angiopoietin-1 has an anti-inflammatory and pro-
tective actions on endotheliocytes via the PI3K-PKB axis, a decreased expression of
cell adhesion molecules ICAM1 and VCAMI and hence immunocyte recruitment,
and an increased expression of antiapoptotic proteins such as BCL2. The VEGF factor
augments NOS3 expression, thereby enhancing nitric oxide synthesis. The latter mes-
senger acts against oxidative stress, inflammation, hypertrophy, and fibrosis, thereby
reducing adverse cardiac remodeling. Protected cardiomyocytes, in turn, secrete
VEGEF and paracrine factors that protect endotheliocytes and support angiogenesis.

1.3 Molecular Chaperones in Cardiac Diseases

The continuous activity of cardiomyocytes requires the maintenance of proteostasis,
that is, a stringent control of synthesis, folding, and turnover of proteins (Vol. 1,
Chap. 5. Protein Synthesis), especially in sarcomeres, endoplasmic reticulum (ER),
and mitochondria.
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Table 1.3 Molecular chaperones in pathophysiology. (Part 1) General chaperones and cochaper-
ones. (Source: [15])

Chaperone Targets Pathophysiological role

HSP90 Protein folding Linkage to immature Ky 11.1
PKB-NOS3 axis } ischemia—reperfusion injury
Raf-ERK axis

HSP70 Protein folding Production induced by ischemia
Ubiquitination of misfolded proteins Linkage to immature Ky 11.1
Intracellular signaling

HSP40 Mitochondrial Avoids dilated cardiomyopathy
genesis

CHIP (STUB1) | Unfolded proteins moved to proteasome | Limit infraction extension

CHIP C-terminus of HSC70-interacting protein (which inhibits the ATPase activity of the chap-
erones HSC70 and HSP70; this ubiquitin—protein ligase is also called STUB1 [STIP1 homology
and U-box-containing protein])

Molecular chaperones are devoted to regulating protein folding and maintaining
the correct balance between synthesis and degradation. Molecular chaperones, heat
shock proteins (HSP), prevent accumulation of damaged proteins either by supporting
their refolding or by targeting them to proteasomal or autophagosomal degradation.
In addition, chaperones participate in intracellular signaling, as they control confor-
mational changes required for activation and deactivation of signaling mediators and
their assembly in signalosomes.

In normal conditions, cells react to chemical and adverse mechanical stresses
using molecular chaperones of the salvage machinery. However, high and persis-
tent mechanical overload, oxidative stress, shifts in pH and temperature, as well as
genetic mutations, can provoke accumulation of misfolded proteins. Insoluble ag-
gregates of misfolded proteins that then form are toxic for the cell. Accumulation
and aggregation of misfolded protein can be involved in cardiac diseases, such as
dilated cardiomyopathy, arrhythmias, and heart failure [15].

Stimulation of chaperone synthesis has a cardioprotective role in ischemia—
reperfusion injury, heart failure, and arrhythmias [15]. On the other hand, mutations
in genes encoding chaperones generate different forms of cardiomyopathies.

The chaperone machinery consists of numerous proteins that cooperate. Chap-
erones constitute a large set of proteins that can be subdivided into three groups
(Tables 1.3, 1.4, and 1.5) [15]:

1. The general chaperones HSP90 and HSP70;
2. The small chaperones (sHSP); and
3. The ER chaperones
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Table 1.4 Molecular chaperones in pathophysiology. (Part 2) Small chaperones. (Source: [15])

Chaperone | Targets Pathophysiological role

HSPbl Protein folding, Protection against atrial fibrillation
(HSP25) | aggregation

HSPb2 Protein folding, Reduction of ischemia—reperfusion damage
(HSP27) aggregation

HSPb5 Desmin and titin folding Reduction of oxidative stress
Attenuation of apoptosis and necrosis
Opposition to cardiac hypertrophy

HSPb6 PKB/BAD/Casp3 Cardioprotection

(HSP20) | MAP3K5-JNK/P38 DCM (gene mutation)

HSPb7 Cytoskeletal Protection against atrial fibrillation
protein folding (?) DCM (gene SNP)

HSPb8 Autophagy Reduction of infarct size

HSP22 BMPR2-MAP3K7-PI3K-PKB | Opposition to fibrosis
STAT3

Melusin FAK; ERK1/2, Preservation of contractility
PKB-GSK3p

DCM dilated cardiomyopathy, SNP single-nucleotide polymorphism

Table 1.5 Molecular chaperones in pathophysiology. (Part 3) Endoplasmic reticulum chaperones
and stress response proteins. (Source: [15])

Chaperone | Targets Pathophysiological role
HSPa5 Protein folding Resistance to ischemia
PDI Protein folding Reduction of infarct size
DDIT3 Apoptosis Heart failure
(CHOP) Cardiac hypertrophy, fibrosis
XBP1 ER chaperone synthesis | Dominant-negative XBP1 augments apoptosis
ATF6 ER chaperone synthesis | Production of HSPa5 and HSP9081
Left ventricle protection upon pressure overload

ATF6 activating transcription factor-6, which improves endoplasmic reticulum chaperone syn-
thesis, DDIT3 DNA damage-inducible transcript-derived protein-3; also known as C/EBP-
homologous protein (CHoP), a proapoptotic transcription factor, PDI protein disulphide isomerase,
XBP1 X-box-binding protein-1, a transcription factor enhancing endoplasmic reticulum chaperone
synthesis

1.3.1 General Chaperones

The function of HSP90 and HSP70 is tightly controlled by cochaperones that regulate
the specificity and dynamics of a chaperone reaction, as they recognize specific target
proteins and control ATP binding and hydrolysis. Cochaperones also participate in
the decision toward degradation of misfolded proteins.
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For example, HSP70 binds to its substrate assisted by its cochaperone HSP40.
The additional cochaperone HSP70/HSP90-organizing protein homolog (HOP) pro-
motes the transfer of the substrate to HSP90 that enables conformational changes
of the substrate. Other additional cochaperones, such as the HSP90 cochaperone
P23, which is the cytosolic prostaglandin-E, synthase PGeS3, and prolyl isomerase,
regulate HSP90 ATPase activity and protein folding [15].

1.3.2 Small Chaperones

Small chaperones (sHsp or HSPb) constitute a family of 11 members that can
homo- and hetero-oligomerize. This polymerization can be regulated by transient
phosphorylation in response to stress [15].

Small chaperones are devoid of ATPase activity. Nonetheless, they can prevent
misfolded protein aggregation and regulate intracellular signaling, sometimes, in
cooperation with HSP70 and HSP90.

1.3.3 Chaperones of the Endoplasmic Reticulum

The ER of cardiomyocytes consists of a vesicular compartment mainly in the per-
inuclear region involved in protein synthesis, and another compartment organized
around myofibrils and T-tubules, which controls excitation—contraction coupling via
calcium cycling. The two networks are interconnected.

Hypoxia, blood pressure overload, and drug-induced insults activate the ER chap-
erone machinery that maintains the proper balance between protein folding and
degradation in the ER.

The ER chaperone machinery that assists protein folding and catalyzes disulphide
bond formation includes:

 Calnexin and calreticulin that control Ca2 homeostasis;
¢ Chaperones HSPa5 and HSP90B1;

* Protein disulphide isomerase; and

» Thiol oxidoreductase-like protein ERP57.

These molecular chaperones act in concert with three ER membrane complexes,
PERK, IREla, and ATF6, which activate the ER stress response [15]. In unstressed
conditions, PERK (or elF2a K3 kinase), IRN1 (or inositol-requiring Ser/Thr protein
kinase and endoribonuclease IRel or IRela), and ATF6 bind to HSPa5 in the ER
lumen, which inhibits their function. Upon ER stress, HSPa5 connects to misfolded
proteins in the ER lumen, dissociating from PERK, IRN1, and ATF6 that become

5 Also known as suppression of tumorigenicity ST13.
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activated. The PERK (pancreatic el[F2a ER kinase) represses protein synthesis,
as it phosphorylates the eukaryotic initiation factor-2a. Endoplasmic reticulum-to-
nucleus signaling protein ERN1 generates a spliced XBP1 mRNA encoding a potent
transcription factor that activates the expression of ER stress response genes. X-box-
binding protein XBP1 upregulates genes involved in ubiquitin-dependent protein
proteasomal degradation. Activating transcription factor ATF6 translocates to the
Golgi body upon activation and undergoes cleavage by specific peptidases, yielding
a soluble cytosolic transcription factor that enters the nucleus and induces further
transcription of ER stress response genes.

Prolonged or extreme ER stress induces the expression of the transcription factor
CHOP that triggers synthesis of proapoptotic proteins and ER-mediated cell death.

1.3.4 Protein Degradation and Autophagy

C-terminus of HSP70-interacting protein (CHIP) is a ubiquitin ligase highly ex-
pressed in the heart that, in cooperation with HSP70 and BCL2-associated athano-
gene (BAG) family molecular chaperone regulator BAGI, controls degradation of
sarcomeric proteins by the proteasome [15].

In the absence of CHIP, ischemic damage leads to an increased infarct size. When
misfolded proteins accumulate, proteic aggregates form that can activate autophagy
by lysosomal hydrolases. Autophagy is observed in heart failure and ischemic heart
disease [15].

The cochaperones BAG3 and HSPbS operate in autophagic clearance in the heart
(chaperone-assisted selective autophagy) [15]. Mutations of the Bag3 gene cause
dilated cardiomyopathy.

1.3.5 Molecular Chaperones and Signal Transduction

Chaperones and scaffold proteins promote the formation of proteic complexes and
stabilize the interaction of signaling components. The HSP90 substrates include the
kinases Src, Raf, PKB, PI3K, and PDK1, as well as NOS3 [15]. Interaction of HSP90
with kinases involves the cochaperone protein Cdc37 (also called HSP90 chaperone
protein kinase-targeting subunit).

Most signaling mediators are degraded upon inhibition of HSP90. The latter
operates in VEGF-dependent NOS3 activation in endotheliocytes that leads to the dis-
ruption of the caveolin—-NOS3 complex and promotes the NOS3-HSP90 association.
The NOS3-HSP90 dimer recruits PKB that phosphorylates NOS3 (Ser1177) [15].

In addition to HSP90, sHSPs and cochaperones (e.g., HSPb6, HSPbS, melusin,
and BAG3) regulate signaling pathways that control cardiomyocyte survival and
calcium cycling. The small HSPb6 chaperone promotes cardiomyocyte survival via
PKB and inhibition of the MAP3K5-JNK/P38MAPK modules. XS in response to
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B-adrenergic stimuli, HspB6 that binds to PP1 phosphatase, hence increasing phos-
pholamban phosphorylation, is phosphorylated by PKA (Serl16), thereby activating
SERCA2a pump [15].

Morgana and Melusin cooperate with HSP90 to regulate signal transduction in
pathophysiological processes. Morgana is ubiquitously expressed, whereas Melusin
is a striated muscle-specific chaperone [16]. Morgana controls genomic stability
by regulating the centrosome cycle via the RoCK2 kinase. Melusin, or integrin-f;-
binding protein Itgf 1BP2 organizes ERK signaling in cardiomyocytes and regulates
cardiac hypertrophy in response to pressure overload.

Melusin, in association with HSP90, promotes the organization of the Melusin
signalosome that regulates ERK 1, ERK?2, and PKB signalings in response to different
stresses. The Melusin signalosome comprises the scaffold and RhnoGAP IQGAP1 that
binds to FAK as well as the kinases of MAPK modules cRaf, MAP2K1, MAP2K?2,
ERKI1, and ERK2.

1.3.6 Molecular Chaperones and Gene Mutations

Chaperones can tether to polypeptide variants encoded by mutated genes and sup-
port their refolding, hence restoring their function. Moreover, HSP90 can prevent
transposon-induced genetic variations via piRNAs involved in transposon silencing
[15].

The Hspb5 gene is mutated (R120G) in certain types of cardiomyopathies. The
R157H mutation that affects the interaction of HSPb5 with titin can be detected in
dilated cardiomyopathy. Conversely, overexpression of HSPb5 prevents formation
of proteic aggregates of desmin variants that cause cardiomyopathies. A heterozy-
gous Hspb6 point mutation (P20L) can also be identified in some cases of dilated
cardiomyopathy.

1.3.7 Cardioprotective Chaperones

The mitochondrial chaperone HSP40 contributes to the prevention of dilated car-
diomyopathy. Overexpression of HSPb1 ensures protection against pacing-induced
cardiomyocyte damage, as it preserves sarcomeric constituents from proteolysis by
calpain [15]. HSPb6-HSPbS also protect against tachycardia-induced atriomyocyte
remodeling.
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1.4 Control of Cardiomyocyte Fate and Function

1.4.1 Nitric Oxide Synthases—Mechanochemotransduction

In cardiomyocytes, stretch and hence contraction trigger the production of reactive
oxygen and nitrogen species that target Ca>*-signaling proteins (mechanochemo-
transduction). This process involves nitric oxide synthases (NOS 1 more than NOS3),
NADPH oxidase NOx2, and Ca2+—calmodulin-dependent kinase CamK2 [17].

The NOS| subtype is situated closer to the Ca®* release sites, that is, to ryanodine
receptors. The NOS1 isoform, but not NOS3, operates in afterload-induced CaZt
sparks via elevated ryanodine receptor sensitivity, thereby enhancing contractility to
counter mechanical load [17].

On the other hand, spontaneous Ca”>* sparks during diastole can be arrhythmo-
genic. Both CamK2 and NOx2 also contribute to afterload-induced Ca** sparks.
However, mechanotransduction launched by NOS1 and CamK?2 does not depend on
NOx2, as inhibition of NOS1 and CamK2, but not NOx2, in cardiomyocytes elimi-
nates Ca>* sparks, at least in a mouse model of familial hypertrophic cardiomyopathy
with enhanced mechanotransduction [17].

1.4.2 StIMI-Orail-Mediated Store-Operated Calcium Entry

Cycle of Ca* influx and outflux from the cytosol relies on Ca’* store refilling. The
latter process is carried out by Ca?* reuptake from the cytosol and activation of Ca>*
influx using the slow store-operated Ca?* entry (SOCE) mechanism. The latter is
delayed by more than 30 s after store depletion.

In cardiomyocytes, SOCE coexists with Ca?*-induced Ca’* release (CICR)
from the ER mediated by the couple formed by plasmalemmal voltage-gated Ca’*
channels and ryanodine receptors on the apposed ER membrane.

In response to binding of angiotensin-2 and endothelin-1 to their respective
GPCRs, the newly produced inositol trisphosphate (IP3) binds to its receptor (IP3R)
on the ER membrane, causing Ca?* release from its main store.

1.4.2.1 Involved Molecules

In cardiomyocyte, store-operated Ca?* entry mediated by stromal interaction
molecule StIM1 in conjunction with plasmalemmal Ca?* release-activated Ca**"
(CRAC) channels Orail and canonical transient receptor potential protein (TRPC)
contributes to Ca>* handling and hence excitation—contraction coupling.

The StIM1-Orail complex mediates highly Ca®*-selective and nonvoltage-gated
current. On the other, the StIMI-TRPC complex conveys Ca’*-selective and -
nonselective store-operated currents, as TRPC is a relatively nonselective cation
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channel conducting inward currents carried by both monovalent and divalent cations
(e.g., Nat and Ca’*) [18]. Among TRPCs, TRPC1, TRPC3, TRPC4, and TRPC6
are implicated in SOCE-mediated hypertrophic signaling in cardiomyocytes.

The Orail-StIM1 complex localizes in particular to the transverse tubule of
skeletal myocytes [19]. Its rate of activation is regulated by the RyR1 receptor.

Stromal Interaction Molecule The STIM family comprises two proteins (StIM1-
StIM2). The most widely studied StIM1, a ubiquitous type-1 membrane protein,
predominantly localizes to the ER membrane where it acts as an Ca’* sensor
that detects changes in ER Ca’?* concentration. In response to Ca** depletion in
the ER, Ca®* dissociates from StIM1 that then oligomerizes and translocates to
subplasmalemmal punctae.

StIM1  Atrest, StIM1 dimerizes. In the absence of store depletion, StIM1 clusters in
cytosolic regions rather than at portions near the plasma membrane. Upon ER Ca**
depletion, StIM1 oligomerizes and moves to regions close to the plasma membrane
(ER-PM junctions) and links to Orail (mainly) or TRPC channels. Oligomerization
of StIM1 depends on phosphorylation.

StIM1 is also a microtubule plus-end-binding protein serving in microtubule ex-
tension. However, in contrast to all other cytosolic plus-end-tracking proteins, StIM1
is attached to the ER membrane. It binds to microtubule-associated protein of the
RP/EB family MAPREI at sites where polymerizing microtubule ends contact the ER
[20]. ER tubule elongates with the MAPRE1+4- end of a growing microtubule. There-
fore, microtubule growth-dependent concentration of StIM1 in the ER membrane
enables ER remodeling.

Stanniocalcin-1 is a secreted glycoproteic auto- or paracrine regulator of calcium
and phosphate homeostasis. It prevents Ca>t uptake. Stanniocalcin Stc2 is an ER
stress protein as a component of the unfolded protein response, the expression of
which is induced by oxidative stress and hypoxia. It colocalizes with StIM1 and
behaves as a SOCE inhibitor [21].

In addition, StIM1 oligomerization and SOCE are precluded by the ER-resident
protein disulfide isomerase PDIa3 [22].

Other modulators of StIM1 and Orail include EF-hand calcium-binding domain-
containing protein EFCaB4b, or CRAC regulator CRACR2a. The cytosolic Ca’*
sensor CRACR?2a stabilizes CRAC channels, as it promotes StIM—Orai binding at
low Ca?* concentrations. The ternary Orail-StIM1-CRACR2a complex dissociates
at elevated Ca®t levels [23].

Another ER integral membrane protein Surf4 (Surfeit locus protein-4 or sim-
ply Surfeit-4) binds to StIM1 and modulates StIM1-dependent SOCE [24]. This
modulator impedes StIM1 clustering upon store depletion.

The ubiquitous ER membrane protein, SOCE-associated regulatory factor
SARAF [25, 26]: (1) connects to the StIM1-Orail activation region (SOAR) of
StIM1 domain (which activates Orail); (2) facilitates slow Ca2+—dependent inacti-
vation of Orail via the C-terminal inhibitory domain (CTID) of StIM1 (which hinders
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spontaneous StIM1 clustering and full Orail activation in the absence of store de-
pletion and determines access of SARAF to the SOAR motif to regulate both FCDI
and SCDI); and (3) protects cells from calcium overload.

At rest, SARAF binds to the SOAR sequence of the StIM1 protein. Activation of
Orail requires dissociation of SARAF from the SOAR domain that then can tether
to Orail.

StIM2  In mice, global deletion of the STIM1 gene is lethal within 2 days after birth,
whereas lack of StIM2 enables survival until 4-5 weeks [18]. The StIM2 subtype
has a different N-terminus with respect to StIM1. Once it is linked to Orail, StIM2
causes both store-dependent and -independent Ca’" entry.

StIMIL 1In addition, the high-molecular weight splice variant StIM1L also lodges
in cardiomyocytes [18]. It forms a permanent cluster with actin and colocalizes with
Orail [27]. The unique behavior of the CRAC flux in skeletal myocytes may result
from the coupling of Orail channels with StIM1L [19].

Orai The ORAI family includes three members (Orail-Orai3). The StIM1 protein
also contributes to store-independent Ca>* entry via the arachidonic acid-regulated
Ca2?* channel that is a heteromer consisting of both Orail and Orai3 channels,
whereas the classical SOCE flux relies on StIM 1 connected to an Orail homohexamer
[18].

At rest, Orail homodimerizes or homotetramerizes. Upon activation, it hex-
amerizes. Orail is a highly Ca’*-selective, inward-rectifying channel prominently
regulated (inactivated) by Ca®* ion. The half time of the 2 modes of inactivation,
fast (FCDI) and slow (SCDI) Ca’*-dependent inactivation, ranges from 10 to 100
ms and 2 to 3 ms, respectively [26]. The former depends on StIM1 and calmodulin
binding to the Orail channel [25].

1.4.2.2 SOCE Goal, Regulation, and Function

In response to IP3R- and/or RyR-mediated Ca’* release from sarcoplasmic reticu-
lum stores, SOCE enables Ca2* influx from the extracellular space and a sustained
increase in cytosolic Ca’>* concentration to regulate gene transcription (Vol. 4,
Chap. 11. Signaling Pathways). SOCE is also aimed at rapidly refilling the de-
pleted store. Although StIM1 and Orail alone can reconstitute SOCE activity, other
proteins are involved (e.g., SERCA).

Once SOCE is activated, it is subjected to various regulatory processes that deter-
mine the duration and magnitude of the Ca?>* influx. In particular, the StIM1-Orail
complex is regulated by the SGK1 and AMPK kinases that may reduce unnecessary
SOCE when energy reserves are low [18]. On the other hand, in pulmonary arte-
rial smooth myocytes, PDGF activates the PKB-TOR pathway and, subsequently,
enhances the SOCE process and cell proliferation [28].

The SOCE process is specifically involved in the IP3-mediated a-adrenergic
signaling, but does not transmit the f-adrenergic message [18].
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1.4.2.3 Pathophysiological Role of SOCE

SOCE and Metabolic Perturbations Hyperglycemia is associated with a decrease
in total ER Ca”* content and StIM1 level at least in endotheliocytes [18]. In smooth
myocytes, SOCE is inhibited by hyperglycemia. In platelets from type-2 diabetic
patients, SOCE is reduced because of attenuated association between StIM1 and
Orail, TRPC1, and TRPC6 channels.

The SOCE process may be regulated by °GlcN4 attachment (O-GlcNAcylation).
A sustained posttranslational protein modification by ©linked Nacetylglucosamine
contributes to the adverse effects of hyperglycemia [18]. Glucosamine, an amine
sugar that selectively fuels the hexosamine synthesis pathway, mimickes the effects
of hyperglycemia [18]. Inhibition of glucose entry into the hexosamine synthesis
pathway suppresses the effects of hyperglycemia on SOCE. Angiotensin-2-induced
increase in cytosolic Ca®* level is attenuated in cardiomyocytes by increasing the
OGIcN4¢ level [18]. O-GlcNAcylation targets sites that are frequently subjected to
phosphorylation. O-GlcNAcylation of StIM1 actually prevents its phosphorylation
and lowers StIM1-associated subplasmalemmal puncta formation and subsequently
SOCE-mediated Ca2* flux [18].

SOCE and Arrhythmias On the other hand, Orail and Orai3 may be linked to
arrhythmias in both atrial and ventricular myocytes [18]. The TRPC channel is pro-
duced in pacemaker cells of the sinoatrial node. Moreover, elevated Orai-mediated
SOCE can initiate atrial and ventricular arrhythmias.

SOCE and Cardiac Hypertrophy StIM1 is necessary and sufficient in the occur-
rence of cardiomyocyte hypertrophy due to the pressure overload in the adult heart.
Calcium-mediated cardiomyocyte hypertrophy such as that primed by angiotensin-
2 depends on SOCE, but neither on Cay 1.2a nor Na*—Ca®* exchanger [18]. Both
TRPC3 and TRPC6 contribute to the development of angiotensin-2-induced hy-
pertrophy. A TRPC4-dependent sustained increase in cytosolic Ca’* activates
the PP3—NFAT pathway implicated in cardiac hypertrophy. Endothelin-1 activates
SOCE, upregulates TRPC1 expression, and provokes NFAT nuclear translocation
and cardiomyocyte hypertrophy. In addition, the concentration of the large StIM1
splice variant StIM1L rises in response to hypertrophic stimuli.

SOCE and Ischemia—Reperfusion Injury

Cardiomyocyte During ischemia—reperfusion injury, calcium overload was as-
sumed to result from the coupling of Na*—H* exchanger with Na*—Ca’* exchanger
operating in its reversal mode and, to a lesser extent, Cayl.2a channel [18]. In
fact, SOCE inhibition protects the heart against Ca>* overload induced by acute
ischemia—reperfusion injury.

Hypoxia stimulates StIM1 accumulation at subplasmalemmal punctae possibly
due to the action of ROS. However, the accompanying acidosis uncouples the StIM 1—
Orail complex, thereby preventing Ca>* overload [18].
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Upon reperfusion, the acidosis is quickly resolved and SOCE may be again ac-
tivated. In addition, the Ca>* concentration in the sarcoplasmic reticulum decays
rapidly during reperfusion.

In cardiomyocytes subjected to ischemia-reperfusion injury, overexpressed
TRPC3 increases apoptosis and calpain activation with respect to control cardiomy-
ocytes [18].

Endotheliocyte Pharmacological inhibition of SOCE abolishes Ca’>* overload in
cardiac microvascular endotheliocytes subjected to ischemia—reperfusion injury [18].

1.4.3 Sphingosine 1-Phosphate

Circulating sphingosine 1-phosphate signals via RhoA GTPase that promotes car-
diomyocyte survival and PLCs to prime the phosphorylation (activation) of protein
kinase-D1, thereby ensuring cardioprotection against ischemia—reperfusion injury
[29]. The PKD1 kinase phosphorylates (inhibits) the cofilin phosphatase slingshot
homolog SSH1, thereby impeding cofilin-2 translocation to mitochondria in response
to oxidative stress or ischemia—reperfusion injury. Cofilin-2 links to the proapoptotic
protein BAX. Therefore, S1P preserves mitochondrial integrity upon oxidative stress
and supports cardiomyocyte survival.

1.4.4 Forkhead Box Transcription Factors

The member of the forkhead box family of transcription factors FoxO1 is involved
in oxidative stress response, immunity, pluripotency in embryonic stem cells, and
regulation of cell metabolism, proliferation, and death (Vol. 4, Chap. 10. Other Major
Types of Signaling Mediators).

The FoxO1 factor promotes gluconeogenesis, as it stimulates synthesis of hepatic
glucose 6-phosphatase and phosphoenolpyruvate carboxykinase [30]. In skeletal
muscle, FoxOl raises expression of pyruvate dehydrogenase kinase, thereby de-
creasing glucose oxidation. In the heart, FoxO1 regulates glucose and fatty acid
metabolism, as it targets the genes that encode pyruvate dehydrogenase kinase PDK4
and nitiric oxide synthase NOS2 [30].

In the heart, cellular insulin-stimulated glucose uptake through the GIuT1 (basal
glucose uptake) and mainly GluT4 (stimulated glucose uptake) and glycolysis leads
to the formation of pyruvate that undergoes oxidation in the mitochondria to yield
ATP. In cardiomyocytes, insulin resistance is linked to PDK4 overexpression, hence
with lowered glucose and heightened fatty acid oxidation due to nuclear FoxO1
action [30].

The FoxOl1 factor also contributes to the regulation of the supply and oxidation
of fatty acids. Dietary fatty acids are delivered to the heart from lipoprotein lipase-
mediated lipolysis of triglyceride-rich lipoproteins as well as by albumin-bound fatty
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acids. The uptake of fatty acids by cardiomyocytes across the plasma membrane is
mediated by three protein-fatty acid translocases: plasmalemmal and mitochondrial
glutamate oxaloacetate transaminase GOT?2, fatty acid transport protein (FATP), and
the ScaRb3 receptor. AcylCoA synthase enhances fatty acid uptake. The FoxO1 agent
is implicated in lipid supply and storage, as its nuclear localization is correlated with
an elevated plasmalemmal density of ScaRb3.

The FoxOl factor is involved in the regulation of the oxidative stress response.
It increases expression of antioxidant genes such as those that encode superox-
ide dismutase and the stress sensor GADD45, thereby promoting ROS scavenging
and preventing DNA damage [30]. It collaborates with SIRT1, hence activating
expression of antioxidant genes such as those that encode M*SOD and catalase.

In embryonic stem cells, FoxO1 can maintain their pluripotency, a site acts on
promoters of the OCT4 and SOX?2 genes.

1.4.5 Regulation by B-Adrenoceptors

B-adrenoceptor regulation of cardiac contraction and gene expression is mediated by
protein kinase-A. The PKA activity is also controlled by several other messengers
acting via Gs-coupled receptors. The velocity and specificity of B-AR signaling are
determined by the localization of the PKA holoenzyme and associated A-kinase
anchoring proteins as well as the spatiotemporal pattern of cAMP signaling.

The second messenger cAMP is small diffusible molecule. The cAMP-PKA cou-
ple is organized into signaling complexes organized by A-kinase anchoring proteins
that tether inactive PKA holoenzymes and other signaling molecules and distributed
in discrete compartments in cardiomyocytes [31]. From these cellular foci, specific
cAMP signals propagate to determined subcellular loci. In cardiomyocytes, AKAP6
anchors PKA to multiple subcellular compartments, including the nucleus and nu-
clear membrane [32]. In the nucleus, AKAPG6 also connects to PDE4d3 that controls
the cAMP level.

On the sarcoplasmic reticulum in cardiomyocytes, PKA regulates the calcium
cycling for excitation—contraction coupling that is dysfunctional in heart diseases.
The direct activation of adenylate cyclases or application of a cAMP analog provokes
a much slower and smaller increase in PKA activity than stimulated adrenergic
receptors [31]. The signaling primed by adrenoceptors has a preferential access
to the sarcoplasmic reticulum, the major calcium store. Calcium ions are released
through ryanodine receptors and taken up through sarco(endo)plasmic reticulum
Ca>* ATPase. The triggered cAMP-PKA signaling leads to phosphorylation of these
ion carriers and/or associated regulatory proteins, thereby raising Ca’>* flux through
these channels to adapt cardiac contraction.

In the absence of cAMP, the PKA holoenzyme is a heterotetramer consisting
of two catalytic subunits bound and inhibited by a dimer of regulatory subunits.
Activation of adenylate cyclases increases intracellular cAMP concentration. This
second messenger dissociates (activates) the catalytic subunits.
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Then, PKA phosphorylates many substrates in various subcellular compartments,
such as the ion channels involved in excitation—contraction coupling, sarcolemmal
Cay1.2a and sarcoplasmic reticulum RyR2, the SERCA inhibitor phospholamban
(Pln), and the sarcomeric components cardiac myosin-binding protein-C (cMyBPc)
and troponin-I (cTnnl; Sect. 4.1.1).

In the nucleus of cardiomyocytes, PKA targets the transcription factors of the
CREB family and class-2 histone deacetylases HDAC4 and HDACS.

The cAMP concentration depends on its production by adenylate cyclases and
degradation by phosphodiesterases (PDE1-PDE4 and PDES) in cardiomyocytes.
Members of the cAMP-specific PDE4 family (PDE4a—PDE4b and PDE4d encoded
by three genes) are major inhibitors of the cAMP messenger. At the nuclear envelope,
PDE4d complexes with AKAPG6. It is involved in the regulation of cardiomyocyte
hypertrophy. The loss of PDE4d can cause dilated cardiomyopathy, at least in mice.
AKAP-anchored PDE4 controls the extent of PKA released upon BAR stimulation
and transferred into the nucleus from a cytosolic pool [32].

In the cytoplasm, phosphatases PP1 and PP2 contribute to the termination of PKA
action, whereas only PP1 acts in the nucleus [32].

In adult rat ventriculomyocytes, B-adrenoceptor stimulation raises quickly the
cytoplasmic and nuclear cAMP concentration, whereas PKA activity elevation is
prompt in the cytoplasm, but slower in the nucleus [32]. Similar slow kinetics
of nuclear PKA activation is observed upon adenylate cyclase activation or phos-
phodiesterase inhibition. Pulse stimulation causes maximal PKA activation and
phosphorylation of myosin-binding protein-C in the cytoplasm, but has a slight im-
pact on PKA activation and phosphorylation of cAMP response element-binding
protein in the nucleus.

The nuclear PKA activity is temporally dissociated from that of nuclear cAMP
elevation and cytoplasmic PKA activation. Once PKA holoenzyme is activated in
the cytoplasm, its catalytic subunit translocates to the nucleus [32].

In cardiomyocytes, the upstream inhibitors PDE3 and PDE4 and downstream
inhibitors PP1, PP2, and PP3 can participate in the cytoplasmic and nuclear PKA
response to BAR stimulation.

The PDE3 and PDE4 enzymes represent the major PDE activity in cardiomyocyte
nuclei. They primarily localize at the nuclear envelope. The PDE4d subtype controls
the nuclear as well as cytosolic PKA activity, whereas PDE3 has no effect [32].

The PP1 and PP2 phosphatases contribute differently to PKA target sites in the
cytoplasm and nucleus. They counteract the action of the BAR—cAMP-PKA axis,
especially the phosphorylation of mediators of the electromechanical coupling, but
PP3 has no effect [32]. The PP3 phosphatase may play a minor role when PP1 and
PP2 are active. However, PP3 intervenes in pathogenesis, especially cardiac adverse
hypertrophy resulting from pressure overload. In particular, PP3 dampens AR effect
on Pln in spontaneously hypertensive rats. Moreover, it is detected in the nucleus of
cardiomyocytes in the diseased myocardium, but not in the case of healthy hearts [32].

In addition, cAMP can also activate .ampGEFs (RapGEF3-RapGEF4) at the
plasma membrane and nuclear and perinuclear compartment area in cardiomy-
ocytes [32]. These effectors increase nuclear Ca?* concentration as well as CamK2-
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dependent nuclear export of HDACS5 and subsequent derepression of the MEF2
transcription factor. Unlike CamK?2- and PKD-mediated phosphorylation, PKA
phosphorylates HDACS in the nucleus, thereby causing its nuclear retention and
the repression of the hypertrophic gene program.

A sustained BAR activation, as that occurring during intense and prolonged phys-
ical exercise or after myocardial injury, increases nuclear PKA activity and CREB
phosphorylation [32]. Transcription factors of the CREB family can contribute to
BAR-dependent maladaptive remodeling.

1.5 Interactions Between Cardiac Cell Populations

The heart is composed of different cell types that interact to maintain the cardiac and
bodily homeostasis, in addition to the dynamical partnership created by the nervous,
renal, and cardiovascular system.

The largest cardiac volume is occupied by cardiomyocytes. Cardiofibroblasts
have the highest density. Other cardiac cell types include nodal cells, epicar-
diocytes, endocardial and vascular endotheliocytes, coronary smooth myocytes,
leukocytes, myofibroblasts, adipocytes, mesenchymal stem cells, and sympathetic
and parasympathetic neurons (Vol. 5, Chap. 6. Heart Wall).

Cardiac cell types need a well-handled communication to optimize signaling re-
sulting from numerous messengers. The intercellular communication encompasses
direct between-cell contact, cell-matrix interaction, and long-range signals, using
chemical (short peptides, proteins, lipids, nucleotides, and RNAs) and electrochem-
ical (ions) cues. In addition to secreted molecules, cells release vesicles that contain
proteins, RNAs, and sometimes DNA.

Interactions between different cardiac cell types enable proper myocardial
contractility, sufficient perfusion, adequate myocardial stiffness, and controlled func-
tioning of immunity. However, heterotypic intercellular interactions are also involved
in disease progression.

Interactome refers to gene and protein interactions within a pathway as well as
between distinct axes (genic and proteic interactomes), as well as cell communica-
tions inside a population of a given cell type (isotypic interactions, i.e., connections
between cells of the same bulk phenotype) and between different populations of
cell types (heterotypic signaling, i.e., data transmission between cells of different
phenotypes) in a spatiotemporal regulated manner and in a given physiological or
pathological context (cellular interactome; Tables 1.6 and 1.7).

A subpopulation of a given cell type such as fibroblast with its given functional
characteristics can influence the activity of other isotypic subpopulations, in addition
to other cell types.

Acute ischemic injury and maladaptive cardiomyocyte hypertrophy are the most
common acute and chronic insults to the heart. After cardiac injury, the spatial
arrangement of cells is disrupted and the cellular composition is altered, as different
cell populations are temporally recruited to the heart. These cell types interfere using
many signaling pathways.
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Table 1.6 Examples of messengers involved in interactions between cardiac cells

Source Target Messengers
CMC CFB ANP, BNP, TGFp, CTGF, IL18/6, miR133a
EC Nrgl, CSF3, TNFSF1
CFB CMC CNP, ET1, CTGF, FGF2, PDGF, TGF,
TNFSF1, IL6/10/17/33, LIF, CT1
EC CMC ET1
SMC MiR126/143/145
SMC CFB CTGF
Leukocytes CMC TNFSF1, IL17
CFB TNFSF1
Stem cells CMC ATP
EC SHh

CFB cardiofibroblast, CMC cardiomyocyte, EC endotheliocyte, SMC smooth myocyte, A(B/C)NP
A(B/C)-type natriuretic peptide, CSF colony-stimulating factor, CT cardiotrophin, CTGF con-
nective tissue growth factor, ET endothelin, FGF fibroblast growth factor, /L interleukin, LIF
leukemia-inhibitory factor, miR microRNA, Nrg neuregulin, PDGF platelet-derived growth factor,
SHh sonic Hedgehog, TGF transforming growth factor, TNFSF tumor-necrosis factor superfamily
member

1.5.1 Examples of Signaling Messengers

After cardiac injury, multiple signaling pathways, such as the Notch, Wnt, TGFp,
and BMP axes, are activated.

The Notch-primed signaling exerts a negative feedback on the Wnt—f Ctnn path-
way; the intracellular domain of Notch receptor can bind to Wnt signaling effectors
such as Disheveled, thereby inhibiting Wnt signaling.

Calcium ions are major second messengers in both the cardiac pump and vas-
culature. Localized changes in Ca?* ions encompass waves, oscillations, sparks,
sparklets, puffs, transients, and flashes, which can correspond to different triggering
events.

1.5.1.1 Hedgehog

During myocardial ischemia, the Hedgehog pathway promotes neovascularization,
thereby increasing cardiomyocyte survival. The canonical Hedgehog pathway acti-
vates gene transcription via transcription factors of the Gli family upon derepression
of the GPCR Smoothened.

In neonatal rat ventriculomyocytes, sonic Hedgehog activates Glil via
Smoothened and Gi proteins [34]. The Glil transcription factor then targets a subset
of 37 cardiomyocyte-specific genes, such as those encoding mediators of the PKA
and nucleotide pathways.
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Table 1.7 Short- and long-distance bidirectional communication between different cell types in
the heart. Cardiac myocytes (85 % of the cardiac mass) and fibroblasts (~ 2/3 the total number of
cardiac cells), vascular endothelial and smooth muscle cells, and epicardiocytes constitute the main
cell populations in the healthy adult heart. Extra- and intracellular signals that regulate cardiomy-
ocyte proliferation during the postnatal life include growth factors and microRNAs. In diseases,
these heterocellular connections reorganize and initiate adaptive and maladaptive responses. Exo-
somes secreted from stem and progenitor cells yield beneficial effects in the injured myocardium.
(Source: [33])

Type of communication Mediators Role
Healthy heart
Myocyte—endotheliocyte Neuregulin | Angiogenesis
ROS Cardiomyocyte survival, cardiomyocyte
hypertrophy
Fibroblast-immunocyte Cytokines Feedback control of fibroblast and leukocyte
activation

Diseased heart

Myocyte—endotheliocyte Neuregulin | Angiogenesis
ROS Cardiomyocyte survival, cardiomyocyte
hypertrophy
Myocyte—macrophage (M1) | Cytokines
DAMPs
Myocyte—fibroblast MicroRNAs | Tissue repair

IncRNAs Tissue stiffness
Contractile dysfunction

Fibroblast—stem cell Cytokines Suppression of myofibroblast differentiation
Fibroblast-adipocyte Adipokines | Myofibroblast differentiation
Activin-A Fibrosis
Fibroblast-macrophage Cytokines
Endotheliocyte—macrophage Neovascularization
M2) Myocardial infarction healing

DAMP damage-associated molecular pattern molecules, /ncRNA long noncoding RNA, ROS
reactive oxygen species

1.5.1.2 Wnt

The Wnt—BCtnn axis with the transmembrane-frizzled receptors and related antago-
nists is used during cardiogenesis and cardiac injury response. The Wnt messengers
constitute a family of 19 lipophilic proteins that bind to ten types of transmembrane
receptors of the frizzled family and 2 types of coreceptors lipoprotein receptor-related
proteins LRP5 and LRP6 (Vol. 3, Chap. 10. Morphogen Receptors). They trigger
p-catenin-dependent canonical and noncanonical pathways.

The Wnt signaling is hindered by two categories of antagonists. Secreted
frizzled-related protein (sFRP1-sFRP5) either directly binds to extracellular Wnt
or competitively to Fz receptor, thereby preventing Wnt binding to Fz receptor in
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Table 1.8 Expression of Wnt messengers and antagonists in the normal heart and after ischemia
(Source: [35]). The secreted frizzled (Fz)-related protein (SFRP) family comprises five glyco-
proteins in humans (sFRP1-sFRPS5) that act as extracellular signaling ligands that can bind Wnt
proteins and Fz receptors. The interaction between sFRP and Wnt proteins prevents the latter from
binding Fz receptors. Signaling by Wnt mesengers can be downregulated by the formation of an
inhibitory complex with the frizzled receptors. The Dickkopf (Wnt signaling inhibitor) family of
secreted protein encompasses four members (Dkk1-Dkk4) that antagonize Wnt—BCtnn signaling,
as they interact with the Wnt coreceptors LRP5 and LRP6. They are also high-affinity ligands for
the transmembrane proteic modulators of Wnt signaling Kremen-1 and -2

Normal heart Ischemia

Involved molecules

Wnt2/5a-5b/7b/9a/11 Wntl/2/4/7/10b/11

sFRP1/2 sFRP1/2/4

Dkk3 Dkk1/Dkk2

Cells responsive to canonical Wnt signaling

Valve mesenchymal cells Epicardial-derived cells of subepicardial space

Subsets of smooth myocytes Fibroblasts, smooth myocytes and endotheliocytes in the

injury region

Endotheliocytes

both cases. Dickoppf proteins (Dkk1-Dkk3) competitively preclude Wnt binding to
LRP5 and LRP6 coreceptors.

The Wnt family members Wnt2, WntSa, WntSb, Wnt7b, Wnt9a, and Wntl1 as
well as their antagonists SFRP1, sFRP2, and Dkk3 are expressed in the normal heart
[35]. Mesenchymal cells in cardiac valves and subsets of endothelial and smooth
muscle cells scattered throughout the myocardium respond to Wnt (Table 1.8). The
‘Wnt morphogens regulate interactions between fibroblasts and other cardiac myocyte
and nonmyocyte cell types.

Endotheliocytes possess most types of frizzled receptors (Fz1-Fz2, Fz4-Fz7, and
Fz9-Fz10). The Wntl, Wnt3a, and Wnt5a proteins regulate endotheliocyte prolifer-
ation and migration. The sFRP molecules exert both pro- and antiangiogenic effects.
Subtype sFRP1 promotes migration and tube formation, but reduces endotheliocyte
proliferation [35]. In hearts of patients with dilated cardiomyopathy and coronary
artery disease, SFRP3 and sFRP4 levels are elevated [35].

1.5.1.3 Signal Transducer and Activator of Transduction
Signal transducers and activators of transcription constitute a family of transcription

factors (STAT1-STAT4, STATS5a—STATSb, and STAT6) that are all expressed in the
myocardium. They homo- and heterodimerize.
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STAT Family The STAT1 agent is activated in ischemia—reperfusion injury. It up-
regulates the expression of caspase-1, TNFSF6, and TNFRSF6a, thereby promoting
apoptosis in cardiomyocytes [36].

The STAT?2 factor heterodimerize with the STAT1 agent. The STAT3 factor targets
genes encoding proteins and microRNAs. It intervenes especially in cardiac physiol-
ogy and pathophysiology. The STAT4 factor modulates inflammation in autoimmune
and infectious myocarditis [36].

Both STATS and STAT6 participate in effects of the renin—angiotensin—
aldosterone axis. They are rapidly phosphorylated during angiotensin-2 stimulation
in the nonischemic region and bind to the STAT consensus sequence in the
angiotensinogen promoter, thereby causing a sustained autocrine activation of
angiotensin-2-mediated signaling.

STAT3 The STAT3 factor targets genes encoding proteins and microRNAs. It is
involved in mitochondrial energy production and in cell survival, proliferation and
differentiation, and metabolism in cardiomyocytes, fibroblasts, endotheliocytes, pro-
genitor cells, and various types of inflammatory cells, as well as oxidative stress and
protective and stress-induced adverse cardiac remodeling [36].

The STAT?3 factor participates in intercellular communication between cardiomy-
ocytes, endotheliocytes, fibroblasts, and cardiac progenitor cells, as well as infiltrated
immunocytes (Table 1.9).

STAT3 Signaling The STAT3 factor is activated by multiple receptors. Its activ-
ity depends on dimerization and posttranslational modifications (acetylation [Lys49,
Lys87, and Lys685] and phosphorylation [Ser727]). It is phosphorylated by PKC3,
PKCe, ERK1, ERK2, P38MAPK, CDKS5, DAPK3, and TOR kinases, thereby poten-
tiating the STAT3 transcriptional activity via recruitment of transcriptional cofactors,
such as the P300 and CBP HATs.

The related signaling cascades are associated with positive and negative feed-
back loops. It participates in the production of the vasodilators, nitric oxide and
prostacyclin. It mediates proangiogenic signaling via VEGF and erythropoietin.

Suppressor of cytokine signaling forms a negative feedback of STAT signaling.
In particular, SOCS3 transcription is upregulated by STAT3 [36]. Both SOCS1 and
SOCS3 interact with various JaK proteins or the GP130 receptor, thereby hindering
STAT phosphorylation. Both PTPn6 and PTPn11 also target cytokine receptors and
dephosphorylate JaK proteins, thereby impeding STAT3 phosphorylation.

Proteic inhibitors of activated STAT (PIAS1 and PIAS3) preclude DNA binding
by dimerized phosphorylated STAT1 and STAT3, thereby diminishing transcrip-
tional activation of STAT target genes. Protein Tyr phosphatase receptor PTPRt
dephosphorylates STAT3, thereby, controlling target gene expression and cellular
localization.

STAT3 can inhibit gene transcription. Acetylation (Lys685) involved in STAT3
interaction with DNA methyltransferase-1 causes methylation (silencing) of vari-
ous gene promoters [36]. Deacetylation by histone deacetylases (e.g., HDACI1 and
HDAC4) leads to STAT3 degradation.
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Table 1.9 Intercellular communication relying on the STAT3 factor. The STAT3 factor is activated
by numerous liganded receptors (Source: [36])

Cell type Targeted cellular function

Cardiomyocyte Sarcomere organization (miR199a)
Cardiomyocyte architecture (PRMTI-ADMA)
Secretome

Survival, growth
Oxidative stress (ROS)

Fibroblast Secretome

Extracellular matrix

Survival, proliferation, differentiation

Endotheliocyte Adhesion

Survival, proliferation, differentiation (apoptosis and reduced
proliferation and migration in PPCM due to xPrl and miR146a)

Ocxidative stress (ROS)

Progenitor cell Survival, proliferation, differentiation

Immunocyte Secretome
Differentiation

Mediators

Receptors GP130 (IL6R), IL10R, CCR2, CSF3R, EpoR, Nrgl-HER, VEGFR,
leptin R, AT}

Cytokines EPo, VEGEF, Opn, Tspl

MicroRNAs MiR21/146a/199a

ADMA asymmetric dimethylarginine, EPo erythropoietin, miR microRNA, Opn osteopontin, NPrl
antiangiogenic and proapoptotic N-terminal 16-kDa prolactin fragment, PPCM peripartum and
postpartum cardiomyopathies, PRMT arginine Nmethyltransferase, ROS reactive oxygen species,
Tspl thrombospondin-1, VEGF vascular endothelial growth factor

MicroRNA-199a that alters the sarcomere organization is transcriptionally sup-
pressed by STAT3 [36]. MicroRNA-199a targets the ubiquitin conjugases UbE2i and
UbE2g1, thereby disturbing the protein turnover by the ubiquitin—proteasome axis
and subsequently reducing expression of the genes that encode the sarcomeric a-
and B-myosin heavy chain.

STAT3 in Cardiomyocyte—Endotheliocyte Communication STAT3 is involved
in the communication between cardiomyocytes and the myocardial vasculature. In
cardiomyocytes, STAT3 provokes VEGFa expression in particular upon stimulation
by IL6 and erythropoietin, especially in ischemia [36].

In endotheliocytes, STAT3 contributes to the expression of cytokines (e.g., [L6),
chemokines (e.g., CCL2 and CX3CL1), and cell adhesion molecules (ICAM1
and VCAMI1). It promotes the differentiation of cardiac progenitor cells into
endotheliocytes.

Juxta- and paracrine communication between cardiomyocytes and between car-
diomyocytes and endotheliocytes also relies on neuregulin-1 and colony-stimulating
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factor CSF3. The CSF3-STAT3 signaling improves cardiomyocyte survival and
vascularization after myocardial infarction [36].

In addition, STAT3 antagonizes arginine Nmethyltransferase PRMT]1 that in-
creases the synthesis of asymmetric dimethylarginine (ADMA), an inhibitor of NO
synthesis and promoter of ROS production in endotheliocytes [36]. The PRMT1
enzyme is activated in response to disturbed protein turnover and accumulation of
damaged proteins, thereby severely damaging the cardiomyocyte structure and func-
tion and simultaneously impairing the endothelium in a paracrine manner, and hence
ultimately priming initiation and progression of heart failure.

The endothelial differentiation capacity of resident cardiac SCA1+ progenitor
cells that express both the erythropoietin and chemokine CCR2 receptors requires
STAT3 [36]. Cardiomyocyte-derived erythropoietin, production and secretion of
which depends on STAT3, influences the expression of CCL2. In addition, the se-
cretion of cytokines and chemokines from cardiac cells, such as IL11, CT1, and
LIF, engenders endothelial differentiation of cardiac progenitor cells via the GP130—
STAT3 axis. The mobilization of bone marrow endothelial progenitor cells into the
blood circulation relies on an IL10-STAT3 pathway [36].

Interference between cardiomyocytes and bone marrow-derived mesenchymal
stem cells affects the myogenic conversion [36]. The reduction of miR124 in bone
marrow-derived mesenchymal stem cells generated by cardiomyocytes increases ex-
pression of STAT3 and STAT3-associated myocytic markers, such as atrial natriuretic
peptide, troponin-T, and a-myosin heavy chain, as well as the cardiac potassium
channel currents.

STAT3 in Cardiomyocyte—Fibroblast Communication Fibroblasts and car-
diomyocytes synthesize various matrix constituents as well as matrix-regulatory
enzymes (matrix metallopeptidases and their inhibitors TIMPs). In fibroblasts,
STAT3 promotes cell survival and proliferation, as well as the synthesis of matrix
components (e.g., collagen). STAT3 is a major player in communication between
cardiomyocytes and fibroblasts.

In cardiofibroblasts, STAT3 regulates not only the synthesis of genes encoding
matrix constituents but also that of cytokines, as well as connective tissue growth
factor, thrombospondin-1, tissue inhibitor of metallopeptidases TIMP1, osteopontin,
tenascin-C, and plasminogen activator inhibitor-1 (or serpin-E1) [36].

Cardiac stress factors, such as ischemia, angiotensin-2, and pressure overload,
induce the expression of IL6 family cytokines (i.e., IL6, IL11, leukemia inhibitory
factor [LIF], oncostatin-M [OSm], and cardiotrophin-1 [CT1], among others) in
both cardiomyocytes and fibroblasts. Communication between cardiomyocytes and
fibroblasts relies on the IL6ORo—GP130 receptor. Other stress factors such as p-
adrenoceptor agonists provoke production of IL6 cytokines only in cardiofibroblasts,
but not in cardiomyocytes [36].

1.5.1.4 Tumor-Necrosis Factor TNFSF1

The proinflammatory cytokine tumor-necrosis factor-o (TNFSF1) connects to its cog-
nate TNFR1 (TNFRSF1a) and TNFR2 (TNFRSF1b) receptors on cardiomyocytes.
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In mice, acute stimulation with a low TNFSF1 dose (10 pg/kg) raises cytosolic
calcium transient amplitude and cardiac contractility [37]. In mice, TNFSF1 over-
expression causes dilated cardiomyopathy. On the other hand, exposure of adult
cardiomyocytes to TNFSF1 during 12 h protects against hypoxic injury.

The Ras interaction/interference protein RIN1, afadin, and Ras association
domain-containing protein family member RASSF1a modulate TNFSF1 signaling
in cardiomyocytes. RASSF1a does not interact with TNFRSF1b. This adaptor facil-
itates the recruitment of TRADD that links TNFRSF1a and RIPK1, and TRAF2 to
form the TNFRSF1la complex. It is required for signal transmission from the TN-
FRSF1la complex to effectors, such as cytoplasmic phospholipase-A2 and protein
kinase-A, but not calcium—calmodulin-dependent kinase CamK?2. It enables activa-
tion of Cay 1.2a and RyR2 channels [37]. In addition, RASSF1a also complexes with
plasma membrane calcium ATPase PMCA4, a calcium extrusion pump located in
caveolae, as is TNFRSF1a.

However, TNFSF1 is a proapoptotic cytokine. The TNFSF1-TNFRSF1a couple
alters mitochondrial function and Ca>* handling and provokes cell death. In acute
ischemia, TNFSF1 activates caspase-8 that alters mitochondrial functioning, increas-
ing production of ROS, and causes Ca>* leak from the sarcoplasmic reticulum [38].

In murine adult ventriculomyocytes exposed to TNFSF1, caspase-8 is activated,
thereby increasing the mitochondrial production of ROS and priming poly“PPribose
polymerase PARP1 activation and hence production of adenosine diphosphoribose
(APPribose) and subsequent poly(ADP-ribosyl)ation of proteins. In particular, ox-
idative stress stimulates Ca>*-permeable TRPM2 channel that can be activated by
the intracellular second messenger “PPribose, in addition to nicotinamide adenine
dinucleotide (NAD™) and cyclic adenosine diphosphate—ribose (cADPR) [38]. The
TRPM?2 channel conveys a nonspecific cationic current that mediates TNFSF1-
induced ventriculomyocyte death. Its inhibition thus protects against apoptosis.

1.5.1.5 MicroRNAs

The effects of microRNAs depend on the cell type and context, that is, the expression
of target transcripts.

Once synthesized, microRNA precursors are processed initially in the nucleus by
the Drosha microprocessor complex (primiR cleavage) and, after being exported to
the cytoplasm, by Dicer (premiR cleavage) and its cofactors (e.g., Argonaute, protein
kinase interferon-inducible double-stranded RNA-dependent activator [PKRA], and
TAR RNA-binding protein [TARBP] [39]; Vol. 1, Chap. 5. Protein Synthesis).

MicroRNAs and Chemical Stressors Adverse environmental conditions and
chemical stressors such as excessive amounts of ROS trigger an adaptive response
aimed at reducing cell damage. Most mRNAs are repressed, the translation machin-
ery (e.g., translation preinitiation complex with the small ribosomal 40S subunit,
RNA-binding proteins that regulate mRNA translation and stability, agents involved
in mRNA splicing, transport, and metabolism) is stored in stress granules, and cellular
functions focus on damage repair [39].
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Table 1.10 MicroRNAs

. . ] MicroRNA type Effect
involved in the regulation of

auto- and paracrine factors Cardiomyocyte
involved in crosstalk between MiR1 Suppression upon ATn2 stimulation
cardiomyocytes and - . . .
cardiofibroblasts. (Part 1) MiR21/22 Upregulation after ATn2 stimulation
After angiotensin-2 (ATn2) MiR30 Downregulation after ATn2 stimulation
stimulation. (Source: [40]) " : ; ;
MiR132/212 Upregulation after ATn2 stimulation
Cardiofibroblast
MiR21/29b Induction after ATn2 stimulation
MiR101a/b Suppression after ATn2 stimulation

MiR132/146b/212 | Induction after ATn2 stimulation

Specific microRNA species are involved in the stress response and hence in stress
signaling in diseases. In particular, loss of miR208a does not affect cardiovascular
function, but abrogates stress-responsive cardiac remodeling [39].

MicroRNAs and Age-Related Diseases MicroRNAs participate in aging and age-
related diseases, as dysregulation of microRNA function can permit activation of
aberrant pathways that are repressed by normal microRNA activity. Dicer dysfunc-
tion can be observed in cerebromicrovascular endotheliocytes of aged rats, reduced
Dicer activity, and/or concentration lessening stress tolerance [39].

MicroRNA Messengers MicroRNAs can operate as messengers in intercellular
communication [40]. They are detected in body fluids (e.g., blood, urine, and breast
milk). In the circulation, secreted miRNAs are protected from degradation by ri-
bonuclease once they are tethered to RNA-binding proteins such as Argonaute-2,
linked to lipoproteins, such as HDLs and LDLs, or packaged into vesicles, such as
exosomes, microvesicles, or apoptotic bodies (Sect. 3.2.3.6).

Once they are released into the extracellular space, microRNAs can transmit sig-
nals between cells and affect gene expression of target mRNAs in the recipient cells.
MicroRNAs usually cause posttranscriptional gene silencing. A given microRNA can
target several transcript types and a single transcript can be a substrate for multiple
microRNAs. In particular, microRNA moderators of crosstalk in the myocardium
target transcripts, the products of which are messengers transmitted from fibrob-
lasts to cardiomyocytes and conversely belong to intracellular signaling pathways
launched by paracrine factors (Tables 1.10, 1.11, 1.12, 1.13 and 1.14).

In the heart, microRNAs are secreted by multiple cell types. These communicators
then serve as paracrine mediators. MicroRNAs can be involved in crosstalk between
cardiac cells either by affecting the secretion of growth factors and cytokines or by
exerting a direct signaling.

MicroRNAs in Myocyte-Fibroblast Communication Certain microRNAs are
deregulated in hypertrophic or fibrotic hearts. In particular, microRNAs participate
in the myocyte—fibroblast communication. The myocyte-specific miR133a affects
fibroblast function [40]. In the cardiomyocyte, miR133a regulates the synthesis and
secretion of the profibrotic CTGF growth factor. Once it is secreted, CTGF provokes



36 1 Pathogenesis of Cardiac Diseases

Table 1.11 MicroRNAs involved in the regulation of auto- and paracrine factors involved in
crosstalk between cardiomyocytes and cardiofibroblasts. (Part 2) TGFp signaling. (Source: [40])

MicroRNA type Effect

Cardiomyocyte

MiR29b Reduction of TGF production, prevention of cell growth

MiR208a Prohypertrophic effect via autocrine TGFp release

Cardiofibroblast

MiR21 Promotion of FGF2 secretion upon induction by TGFp
Activation of TGFp via T R3

MiR24 Repression of furin and subsequently TGFS

MiR29 TGFpB-mediated repression, supporting fibrosis

MiR101a Repressor of TGFp via Fos

MiR133a Overexpression directly decreases TGFp

MiR590 Overexpression directly decreases TGFP

Table 1.12 MicroRNAs involved in the regulation of auto- and paracrine factors involved
in crosstalk between cardiomyocytes and cardiofibroblasts. (Part 3) Other growth factors.
(Source: [40])

Messenger MicroRNA Cell Effect
type type type
CTGF MiR30c CMC, CFB Decreased CTGF level
MiR133a CMC Decreased CTGF level
FGF2 MiR21 CFB Elevated release by derepressing MAPK
IGF1 MiR1 CMC Regulation of IGF1 expression
MiR29b CFB Overexpression reduces IGF1 level
MiR30c CFB Overexpression raises IGF1 level
PDGF MiR29b CMFB

CFB cardiofibroblast, CMC cardiomyocyte, CMFB cardiomyofibroblast, CTGF connective tissue
growth factor, FGF fibroblast growth factor, /GF insulin-like growth factor, MAPK mitogen-
activated protein kinase, PDGF platelet-derived growth factor

cardiac fibrosis. Overexpression of miR133 reduces apoptosis and fibrosis in mice
after transverse aortic constriction. In addition, miR133a also regulates TGFP ex-
pression and secretion. The CTGF production and secretion is also controlled by
miR30, which is highly expressed in cardiac fibroblasts.

MicroRNAs in Monocytes and Macrophages Circulating microRNAs serve as
prognostic and diagnostic markers in numerous heart diseases, especially coronary
artery disease and myocardial infarction [40].

Although the miR155 plasma concentration in patients with coronary heart dis-
ease may not be markedly elevated, miR155 expression is upregulated in CD14+
monocytes [41]. In addition, miR155 levels rise in both plasma and atherosclerotic
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Table 1.13 MicroRNAs involved in the regulation of auto- and paracrine factors involved in
crosstalk between cardiomyocytes and cardiofibroblasts. (Part 4) Cytokines. (Source: [40])

Messenger type | MicroRNA type | Effect
TNFSF1 MiR146a Overexpression lowers I/R-induced TNFSF1 increase
IL1B MiR146a Cardioprotection via IRAK1 suppression
IL6 family MiR17/21/199 | Increased expression in hearts of LIF-treated mice
MiR29b Overexpression reduced LIF level in CFB
IL17 MiR101 Induced by IL17a
Promotes CFB migration and proliferation
IL-10 MiR27a Overexpression decreasesd IL10 level in CMC

CFB cardiofibroblast, CMC cardiomyocyte, /L interleukin, /[RAK IL1 receptor-associated kinase,
LIF leukemia-inhibitory factor, TNFSF tumor-necrosis factor superfamily member

Table 1.14 MicroRNAs involved in the regulation of auto- and paracrine factors involved
in crosstalk between cardiomyocytes and cardiofibroblasts. (Part 5) Other regulator types.
(Source: [40])

Messenger MicroRNA Effect

type type

ANP MiR26b Overexpression suppresses ANP transcript
MiR34 family Decreased ANP level (pressure overload)
MiR425 Repression of ANP production

ET1 MiR1 Inhibition of ET1 gene expression
MiR23a Elevated level in hypertrophy
MiR132/212 Increased upon ET1 infusion

ANP atrial natriuretic peptide, ET endothelin

macrophages of ApoE_/ ~ mice. Several miRs, such as miR33, miR125b, miR146,
and miR155, operate in immunity and lipid metabolism. MicroRNA-146 and -155
contribute to the regulation of inflammatory signaling in macrophages.

In atherosclerosis, the unlimited uptake of oxidized low-density lipoproteins
through scavenger receptors in macrophages is followed by the storage of choles-
terol esters in lipid droplets due to the restricted efflux of free cholesterol. The latter
can also accumulate in the membrane of the ER, thereby triggering ER stress and
activating inflammation. In addition, cholesterol crystals can form and stimulate the
NLRP3 inflammasome and IL1 production [42]. Oxidized low-density lipoproteins
may bind to TLR4 and, in cooperation with Ifny, provoke miR155 expression (from
the genomic region B-cell integration cluster [BIC]) in macrophages.

In macrophages, miR155 suppresses inhibitors of inflammatory cytokines (e.g.,
the SOCSI1 factor, SHIP1 phosphatase, and BCL6, an inhibitor of the CCL2
chamokine) [42]. On the other hand, miR155 can reduce the secretion of cytokines,
such as IL6 and TNFSF1, in oxLDL-stimulated macrophages, as it inhibits MAPK
modules. Its sister strand miR155* has opposite effects in dendritic cells [42].
Moreover, miR155 also affects the expression of several other miRs.
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MicroRNA-155 suppresses the production of the transcriptional repressor HMG
box-containing protein HBP1 that impedes the function of macrophage migration
inhibitory factor (MIF) and NADPH oxidase organizer NOxO2 [41]. Whereas MIF
increases oxLDL uptake by macrophages, the derepression of NOxO2 promotes
ROS production.

Several transcriptional factors (e.g., AP1, MyB, and NFk B) upregulate the
miR155 expression in immunocytes. Yin Yang YY1 is a ubiquitous transcription
factor that interacts with HATs and HDAcs to activate or suppress gene transcrip-
tion. It binds to the promoter of the primiR155 gene and acts as a transcriptional
repressor [41]. The YY 1-HDAC2-HDAC4 complex hence favors HBP1 synthesis.
In addition, PKBI1 also precludes miR155 expression; its transcript is a substrate of
miR342-5p [42].

Control of Natriuretic Peptides by MicroRNAs Atrial and brain natriuretic pep-
tides act not only remotely, but also locally at synthesis sites. Cardiac wall stretch
and paracrine agents, such as ET1, increase natriuretic peptide production in and
exocytosis from cardiomyocytes [40]. Cardiac myocytes and fibroblasts express the
natriuretic receptors.

In fibroblasts, ANP impedes collagen synthesis and, in cooperation with BNP, cell
proliferation [40]. Furthermore, ANP and BNP exert an antifibrotic effect. C-type
natriuretic peptide secreted by fibroblasts attenuates cardiac fibrosis and prevents
ET1-induced myocyte hypertrophy.

MiR425 represses directly ANP production [40]. Furthermore, the inhibition of
members of the MIR34 family may protect the heart from adverse remodeling by reg-
ulating ANP among other hypertrophy-associated factors. When it is overexpressed,
miR26b opposes prohypertrophic proteins and elevates the ANP level.

Control of Endothelin-1 by MicroRNAs The paracrine regulator ET1 is mainly
formed in endotheliocytes. ET1, as well as its two receptors, is produced in cardiac
myocytes and nonmyocytes. It is induced by TGFp. It may act in the ATn2-TGFf
pathway to promote fibroblast activation and cardiac fibrosis, as well as hypertrophy
[40].

Endothelin-1 may initiate cardiac hypertrophy via a miR23a-dependent path-
way and ATn2-mediated ET1 receptor activation, as well as increased miR132 and
miR212 levels [40]. On the other hand, miR1 represses ET1 expression.

Control of Angiotensin-2 by MicroRNAs The paracrine messenger angiotensin-2
is a vasoactive agent and a strong inducer of cardiac hypertrophy and fibrosis, which
operates in crosstalk between cardiac nonmyocytes and myocytes via its cognate
receptors (mainly AT;) expressed by all cardiac cell types. It provokes the release
of auto- and paracrine factors (TGFB, ET1, and IL6) from cardiac myocytes and
fibroblasts.

Several miRNAs are involved in angiotensin-2-mediated cardiac hypertrophy and
fibrosis. Upon stimulation of cultured cardiofibroblasts by ATn2, several miRNAs
related to fibrosis are deregulated (miR21, miR29b, miR101a—miR101b, miR132,



1.5 Interactions Between Cardiac Cell Populations 39

miR132* [sister strand of miR132], miR212, and miR146), thereby affecting matrix
synthesis and turnover, as well as fibroblast proliferation.

Angiotensin-2-treated cardiomyocytes exhibit reduced levels of antihypertrophic
microRNAs (e.g., miR30 and miR123) [40]. On the other hand, the expression
of hypertrophy-promoting microRNAs (e.g., miR22, miR132, and miR212) is
upregulated.

Control of Transforming Growth Factor-8 by MicroRNAs The cytokine TGFf
regulates the response to pressure overload and myocardial injury, such as cardiac
hypertrophy and fibrosis. Among three isoforms (TGFB1-TGFp3) encoded by dis-
tinct genes, TGFP1 is the predominant and ubiquitous subtype produced by many
cell types, such as cardiac myocytes and fibroblasts. It binds to TBR1 and TBR2
receptors on both cardiac myocytes and fibroblasts.

TGFp affects the phenotype and function of cardiofibroblasts, supporting their
transition to myofibroblast and enhancing the production of matrix proteins and tissue
inhibitors of metallopeptidases. It causes expression of profibrotic miR21, especially
in fibroblasts during cardiac remodeling [40]. MicroRNA-21 promotes interstitial
fibrosis at least partly by repressing Sprouty homolog-1, thereby derepressing MAPK
signaling that enhances FGF2 secretion from cardiofibroblasts. It also stimulates
endothelial-mesenchymal transition. In addition, miR21 targers TBR3 receptor that
augments the TGFp signal.

TGFp reduces the level of microRNA-29, an antifibrotic agent, as it attenuates
matrix formation and myofibroblast differentiation [40]. On the other hand, miR24
and miR101a repress the TGFp expression via the transcription factor Fos and the
peptidase furin, respectively. MicroRNA-133a and miR-590 may directly repress
TGFp.

Cardiomyocytic TGFp signaling that involves SMADs can preserve cardiomy-
ocytes from hypertrophy. Mechanical stretch enhances the expression of prohyper-
trophic miR208a in cultured cardiomyocytes possibly via autocrine TGFp [40]. On
the other hand, TGFB1 alters the expression of prohypertrophic miR27b and prevents
cardiomyocyte growth.

Control of Connective Tissue Growth Factor by MicroRNAs Connective tissue
growth factor, a TGFp target, is involved in cardiac fibrosis and hypertrophy. It
is predominantly produced in cardiofibroblasts. However, in cardiac remodeling,
CTGF is also released from cardiomyocytes. It raises fibroblast proliferation and
migration as well as matrix formation.

The CTGF expression and secretion are repressed by miR30c expressed in both
cardiac myocytes and fibroblasts and miR133a synthesized in cardiomyocytes [40].

Control of Fibroblast Growth Factor-2 by MicroRNAs The FGF2 agent is an-
other mediator of cardiac hypertrophy and fibrosis. It is synthesized by cardiac
myocytes and fibroblasts. Once it is secreted by fibroblasts, FGF2 acts in a paracrine
manner and promotes cardiomyocyte hypertrophy via the MAPK module. As an
autocrine factor, FGF2 engenders fibroblast proliferation and secretion of further
prohypertrophic factors.
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Secretion of FGF2 is influenced by miR21 that prevents MAPK signaling, thereby
lowering FGF?2 release from cardiofibroblasts [40].

Control of Insulin-Like Growth Factor-1 by MicroRNAs Insulin-like growth
factor-1 is produced and released by cardiofibroblasts, but not cardiomyocytes [40].
It promotes collagen synthesis in fibroblasts.

The Igfl transcript is targeted by miR1 [40]. In hypertrophy, miR1 is repressed.
In addition, IGF1 expression is further affected by miR29b and miR30c [40].

Control of Platelet-Derived Growth Factor by MicroRNAs The PDGF expres-
sionis elevated in cardiac fibrosis and hypertrophy. Interstitial cells such as fibroblasts
are the main PDGF source. The PDGF signaling enables fibroblast proliferation and
migration, as well as matrix deposition.

The PDGF agent causes fibroblast proliferation and promotes cardiac hypertrophy
via the secretion of growth factors and cytokines. As for IGF1, miR29 regulates the
PDGF expression [40].

Control of Cytokines by MicroRNAs Cytokines are messengers in inflammation
as well as cardiac remodeling and wound healing. Short-term activation of proin-
flammatory cytokines ensures cardioprotection, but long-term exposure induces a
maladaptive response.

Tumor-Necrosis Factor-o.  Tumor-necrosis factor-o (TNFSF1) is synthesized by and
secreted from infiltrating immunocytes as well as cardiac myocytes and fibroblasts af-
ter certain cellular stresses. Interaction of these cardiac cell types enables differential
cytokine expression.

In cultured cardiomyocytes, TNFSF1 induces cell hypertrophyic and apop-
tosis and impairs cardiac contractility [40]. Furthermore, TNFSF1 promotes
fibroblast proliferation, secretion of metallopeptidases, collagen synthesis, and
proinflammatory cytokine release.

MicroRNA-146a may mediate inflammatory signaling, but prevents an adverse
response, as it precludes TNFSF1 expression [40].

Interleukins Interleukins contribute to cardiac remodeling and may influence
crosstalk between myocytes and nonmyocytes to ensure reparative inflammation and
then cardioprotection. Several miRNAs are involved in inflammation in the failing
heart.

ILIB 1IL1B is a proinflammatory cytokine that has an overlapping action with that
of TNESFI. It is expressed by cardiomyocytes in response to cardiac injury and
stress. However, cardiofibroblast is the main source. It assists cell migration, impairs
fibroblast proliferation, and matrix remodeling via reduced collagen expression and
MMP secretion [40]. In cardiomyocytes, IL1p provokes hypertrophy.

MicroRNAs affect IL1B signaling. MicroRNA-146a is cardioprotective, as
it targets IRAK1 kinase that becomes associated with the IL1 receptor upon
stimulation [40].
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IL6 Family Members Cytokines of the IL6 family can alter cardiac cell survival and
growth. They are secreted by cardiac myocytes and fibroblasts in response to cardiac
injury. The IL6 family members operate synergistically.

Interaction between cardiac cells supports IL6 release. Leukemia inhibitor factor
(LIF) and cardiotrophin-1 (CT1) produced by fibroblasts mediate prohypertrophic ef-
fects of angiotensin-2 [40]. In addition, LIF and CT1 promote fibroblast proliferation.
Moreover, LIF impairs myofibroblast transition and collagen accumulation.

Long-term LIF delivery in vivo slightly induces the expression of miR17, miR21,
and miR199 [40]. On the other hand, miR29b may directly regulate leukemia
inhibitor factor.

IL10 The anti-inflammatory cytokine IL10 prevents the production of prohyper-
trophic cytokines. Its production rises in response to TNFSF1. It limits pressure
overload-induced cardiac remodeling [40]. Cardiomyocytes are an IL10 source, but
nonmyocytes constitute the major source. Fibroblasts release IL10 that then pro-
tects cardiomyocytes by antagonizing apoptosis mediated by TNFSF1. IL10 reduces
MMP?9 activity and fibrosis.

The profibrotic miR27a targets the Il110 transcript, thereby abrogating the
antifibrotic effect of IL10 [40].

IL17 Family Members Members of the IL17 family are mainly linked to the T-
cell-dependent immunity. They influence cardiac fibrosis, hypertrophy, and dilated
cardiomyopathy.

Cardiofibroblasts secrete IL17 and express the corresponding receptor. Paracrine
communication engenders cardiomyocyte apoptosis, thereby impairing contractility
as well as hypertrophy [40]. As an autocrine regulator, IL.17a provokes synthesis
of collagen and MMPs. Furthermore, IL17a induces miR101, thereby supporting
fibroblast migration and proliferation [40].

IL33 Interleukin-33 may serve as a paracrine messenger between cardiac my-
ocytes and fibroblasts during pressure overload. It seems to be primarily synthesized
by cardiac fibroblasts. The cytokines TNFSF1 and IL1p promote IL33 production
[40]. Interleukin-33 binds to the IL1R-like receptor-1 (ILR1L1) that is expressed by
cardiomyocytes. It may antagonize prohypertrophic stimuli.

1.5.1.6 Material Exchanges via Vesicles

Cellular communication relies on [43]:

1. Intercellular contacts via gap junctions, cell-cell adhesions, and contacts between

plasmalemmal proteins of apposed cells that facilitate signal propagation;

2. Cell-matrix interactions, especially via integrins, which not only sense and trans-
mit mechanical stimuli from and to the extracellular matrix, but also secreted
messengers that enable auto- and paracrine signaling;

. Remote (endocrine) signals that circulate in the blood stream (e.g., hormones);

. Electrochemical signals (i.e., ions), such as nodal and nerve impulses;

5. And vesicles that carry various types of molecules.

B~ W



42 1 Pathogenesis of Cardiac Diseases

The vesicular vehicles for local and remote transmission are usually classified
according to their intracellular origin. They comprise [43]:

1. Apoptotic bodies (size 1-5 pm);
2. Aicrovesicles (size 100-1000 nm); and
3. Exosomes (size 40—100 nm).

These vesicles have a lipid bilayer and contain a cell-specific cargo of proteins, lipids,
and genetic material.

Vesicles are released upon different stress signals, such as thrombin, intracellular
calcium, extracellular ATP, lipopolysaccharide, and hypoxia, as well as upon DNA
damage [43].

Vesicular cargo uptake results from binding with proper plasmalemmal recep-
tors and endocytosis, as well as fusion with the recipient plasma membrane and
subsequent delivery.

In the myocardium, endothelial vesicles target smooth myocytes, fibroblasts, and
myocytes, as well as immunocytes. Nonendothelial vesicles also facilitate a proper
response to environmental changes and maintain myocardial homeostasis. Stem cell-
derived vesicles may stimulate repair.

Cardiomyocytes secrete several hormones, growth factors, cytokines, and
chemokines (e.g., ANP, BNP, TGFp, and TNFSF1), as well as microvesicles and
exosomes called cardiosomes.

Apoptotic Bodies Apoptosis, a clearing of damaged cells, is characterized by cell
contraction, nuclear condensation, fragmentation, and release of apoptotic bodies
(Vol. 2, Chap. 4. Cell Survival and Death).

Apoptotic bodies are released from the plasma membrane as blebs when cells
undergo apoptosis, and contain several intracellular fragments, histones, DNA
segments, and cellular organelles.

Their secretion depends on RoCK1 kinase and myosin ATPase [43]. The former
is necessary and sufficient for formation of membrane blebs and reallocation of
fragmented DNA into blebs and apoptotic bodies.

Microvesicles Microvesicles, also called membrane particles, microparticles, and
ectosomes, are generated by outward budding or blebbing of the plasma membrane.

Microvesicles are created and shed during cellular differentiation and senes-
cence, increased intracellular calcium, and exposure to high mechanical stress and
proinflammatory and prothrombotic stimuli [43].

Activated Ca”>*-sensitive peptidases, such as calpain and gelsolin, enable vesic-
ulation, as they detach membrane proteins from the intracellular cytoskeleton
[43].

Microvesicles can contain plasmalemmal receptors, cell adhesion structures,
growth factors, cytokines, chemokines, and RNA species (e.g., mRNA and miRs).
The nature of cell activation and cellular environment determines microvesicle
composition and behavior in intercellular communication [43].
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Exosomes Exosomes originate from the inward budding of the membrane of mul-
tivesicular bodies (components of the late endosomal compartment) that form
intraluminal vesicles using the endosomal sorting complex required for transport
(ESCRT) for content sorting into the endosomal membrane and its inward budding
(Vol. 1, Chap. 9. Intracellular Transport).

Different sorting mechanisms determine whether these intraluminal vesicles are
destined for degradation when the multivesicular body membrane fuses with that of
lysosomes or are released into the extracellular medium. These intraluminal vesicles
are exported out of the cell after fusion of the multivesicular body membrane with
the plasma membrane.

The formation and functioning of these MVB intraluminal vesicles rely on
clathrin, flottilin, tetraspanins, Rab GTPases, ALIX, VPS23.% and HSP70, among
others [43]. Tetraspanins (Tspan28—-Tspan30) play an important role in fusion and cell
penetration. Small Rab GTPases regulate exosome docking and membrane fusion.

Exosomes also contain annexins, metabolic enzymes, ribosomal proteins, signal-
ing mediators, adhesion molecules, ATPases, cytoskeletal components, ubiquitin,
growth factors, cytokines, mRNA, and microRNAs. Messenger RNAs carried by
exosomes can be translated into proteins in the target cell. MicroRNAs transferred
to recipient cells silence transcript expression.

In addition to molecules shared between exosomes from multiple cell types, ex-
osomes carry specific proteins from their parental cell type. Exosome production, at
leastin some cell types, partly depends on P53 transcription factor and lipid mediators
such as diacylglycerol [43].

Constitutive and inducible releases of exosomes from cells depend on the synthe-
sizing cell type [43]. The constitutive secretion is mediated by specific Rab GTPases,
hetrotrimeric G protein, and protein kinase-D. The inducible secretion results from
increased intracellular Ca®* level, DNA damage, and stimulations by thrombin,
extracellular ATP, hypoxia, and lipopolysaccharide.

TNFSF1+4 exosomes from hypoxic cardiomyocytes may trigger cell death in
other cardiomyoctes. Circulating TNFR1+ exosome-like vesicles may modulate
inflammation [43].

Communication via Endotheliocyte-Derived Vesicles Endotheliocytes interact
with smooth myocytes during cardio- and angio- as well as atherogenesis. The former
secrete miR126 that targets smooth myocytes.

Argonaute-2-bound miR126 is transferred to smooth myocytes, in which it re-
presses FOXo03, Bcl2, and Irsl transcripts [43]. It is also transmitted freely and
supports neointima formation. A part of miR126 lodges in vesicles, but does not
affect smooth myocytes.

Endothelial apoptotic bodies can also contain miR126 that may be internalized
by neighboring endotheliocytes, thereby changing the CXCL12 and RGS16 levels
and recruiting progenitor cells to stabilize and reduce atherosclerotic lesions [43].

6 Also known as endosomal sorting complex required for transport ESCRT 1 complex subunit tumor
susceptibility gene protein TSG101.
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Endotheliocyte-derived vesicles are created upon Kriippel-like factor KLF2 acti-
vation that increases miR 143 and miR 145 levels [43]. These microRNAs are exported
via vesicles to smooth myocytes in which they change gene expression into an
atheroprotective phenotype.

Differences in endothelial vesicle content result from distinct exposures of cellular
stresses, such as hypoxia, TNFSF1 stimulation, and high glucose and mannose
concentrations [43]. Although the content varies, the size distribution of secreted
vesicles does not differ significantly with the environmental conditions.

Communication via Immunocyte-Derived Vesicles Exosomes are released from
immunocytes (B and T lymphocytes, mastocytes, and dendritic cells [43].
Immunocyte-derived exosomes assist antigen presentation, immunoregulation, and
signal transduction.

Immunocyte-derived exosomes intervene in the tolerance and survival of cardiac
allografts. Exosomes released by immature dendritic cells and regulatory T cells can
suppress T-cell activation [43].

1.5.2 Mitochondrial Signals

Mitochondria (approximately one-third of the cardiomyocyte volume) operate in
energy production, metabolic regulation, ROS signaling, and calcium homeostasis,
as well as apoptosis.

1.5.2.1 Mitochondrial Structure and Functions

Mitochondrion’ is a double membrane-bound organelle (size 0.5-1.0 pwm). The
outer mitochondrial membrane (OMM) has a smaller surface area than the inner
mitochondrial membrane (IMM) that is enlarged by cristae.

Cardiomyocytes contain spatially distinct pools of mitochondria with different
shapes, sizes, and cristae arrangement:

* Subsarcolemmal mitochondria (ssM; 0.4-3.0 wm) below the plasma membrane,
which have variable shape (oval, spherical, polygonal, and U-shaped) and mainly
broad flat (lamelliform) cristae;

* Abundant elongated interfibrillar mitochondria (ifM; 1.5-2.0 pwm) organized in
rows between sarcomeres (usually one mitochondrion per sarcomere), which
occupy the entire space limited by Z lines and junctional compartments of the
sarcoplasmic reticulum (which is facing the T-tubule) and possess curved, mainly
tubular (or lamelliform) cristae (with a lower content of ceramide than that of ssM
cristae); and

* Perinuclear mitochondria (pnM) at the nucleus poles, mostly spherical (size
0.8—-1.4 wm) with large curved cristae, and hence reduced between-crista space.

7 LT og: thread of the warp; ¥ ovdptaw: swell with clots of milk; x ovdpoc: granule.
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Mitochondria of the perinuclear region may generate ATP that drives metabolism
close to the nucleus, interfibrillar mitochondria may supply ATP to sarcomeres for
contraction, and subsarcolemmal mitochondria may primarily deliver ATP for ac-
tive transport of ions and metabolites across the sarcolemma. These mitochondrial
subpopulations may differ by the functioning mode of oxidative phosphorylation
and tricarboxylic acid cycle, possibly related to variations in posttranslational
modifications [44].

The dynamics of the mitochondrion (fusion and fragmentation) govern its func-
tion, such as the regulation of cell survival. Optic atrophy protein OpAl, a
manganese-inhibited, large dynamin-like GTPase and mitochondrion-shaping (fu-
sion) protein of the inner mitochondrial membrane, and mitofusins Mfn1 and Mfn2
promote mitochondrial fusion. On the other hand, dynamin-related protein DRP1
interacts with outer mitochondrial membrane fission-related protein Fis1 and mito-
chondrial fission factor (MFF), thereby participating in mitochondrial fission. The
OpAl concentration decays in heart failure [45].

ROS modulator ROMol is a redox-regulated protein required for mitochondrial
fusion and normal crista morphology [46]. It is involved in OpA1 oligomerization.

The mitochondrial populations respond to pathological conditions in different
fashion [44].8

Nitric oxide participates in the regulation of mitochondrial genesis and dynamics
in many cell types. Nitric oxide synthase NOS3 supports formation of complexes of
the mitochondrial electron transport chain as well as that of the outer mitochondrial
membrane porin voltage-dependent anion channel VDAC1, and manganese superox-
ide dismutase via transcriptional regulators cAMP response element-binding protein
and peroxisome proliferator-activated receptor-y coactivator PGCla [47].

Mitochondrial DNA Mitochondria contain their own DNA (mtDNA) that rep-
resents less than 1% of total cellular genetic material. It is organized as a
double-stranded DNA. The heavy (H) and the light (L) strand are enriched in guanine
and cytosine, respectively. The H and L strand encodes 28 and 9 genes, respectively
(13 genes encoding polypeptides, 22 transfer RNA, and 2 small and large subunits
of ribosomal RNA).

Mitochondrial DNA is packed into aggregates, the nucleoids. The most common
component of nucleoids is the mitochondrial transcription factor-A (mtTFa) encoded
by the TFAM gene that compacts and packs mtDNA similarly to histones.

Mitochondrial dysfunction is related to decreased ATP production, increased ROS
generation, calcium dysregulation, and mitochondrial DNA damage.

Mitochondria have a DNA repair capacity. Moreover, mitophagy and the
ubiquitin—proteasome system remove inadequate mitochondria. Nevertheless, mi-
tochondrial DNA is often damaged during oxidative stress, such as that occurring in
diabetes, hypertension, and atherosclerosis.

8 Neurons also contain structurally and functionally different pools of mitochondria situated in
distinct neuronal regions (dendritic, somatic, axonal, and presynaptic compartments), where energy
demands and calcium signaling dynamics can differ.
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Mitochondrial NFormyl Peptides Mitochondria employ Nformyl methionyl tRNA
as an initiator of mitochondrial protein synthesis. Mitochondria synthesize only
13 proteins that participate in electron transport chain. They all contain an Nformyl
group at the beginning of the amino acid sequence.

NFormyl peptides derived from mitochondria have a powerful relaxant effect in
resistance arteries [48].

Mitochondrial Energy Production Adenosine triphosphate must be continually
generated at a high rate to sustain the myocardial function (contraction—relaxation
cycles and ionic fluxes), in addition to basal metabolism. In the normal adult heart,
more than 95 % of ATP is produced by mitochondrial oxidative phosphorylation, the
remainder being engendered by glycolysis and the tricarboxylic acid cycle. The heart
has a high rate of ATP hydrolysis (~30 pwmol/mn/g at rest) [49].

The inner mitochondrial membrane contains the phospholipid cardiolipin. Car-
diolipin anchors cytochrome-C to the inner membrane and supports oxidative
phosphorylation. It also possesses the oxidative phosphorylation machinery (ADP
being phosphorylated to ATP using the energy of hydrogen oxidation) and electron
transfer chain, an enzymatic series of proteic complexes with electron donors and
acceptors. The electron transport chain is coupled to oxidative phosphorylation by a
proton gradient across the inner mitochondrial membrane for ATP production.

During oxidative phosphorylation, electrons are transferred from electron donors
to electron acceptors in redox reactions. Oxygen serves as the terminal electron
acceptor. The transfer of electrons generates a proton gradient that results from an
active proton pumping into the intermembrane space.

The composition of small molecules in the intermembrane space is similar to that
of the cytosol due to OMM porins, but with a different proteic content. The latter
comprises in particular cytochrome-C, a component of the electron transport chain.

The mitochondrial matrix contains pyruvate generated from glycolysis and
fatty acid oxidation that is transformed into acetylCoA, the primary substrate
of the tricarboxylic acid cycle. This pathway produces FADH, and NADH that
feed the electron transfer chain (ETC; ET¢complex-I-F™Ccomplex-1V, i.e., NADH
dehydrogenase [or NADH:ubiquinone oxidoreductase], succinate dehydrogenase,
cytochrome-BC1, and cytochrome-C oxidase; the respirasome consisting of
ETCcomplex-L -III, and -IV).

The classical respirasome contains the mitochondrial ETC complexes linked by
carriers coenzyme-Q (CoQ) and cytochrome-C (CytC). However, free respiratory
complexes can exist and ETC complexes, except FTCcomplex-II, can associate in
respiratory supercomplexes that include mitochondrial respiratory supercomplex
mtRSC1 (ETCcI-ETCCII-ETCcIV), mtRSC2 (FTCcI-ETCCIIT), and mtRSC3 (ETCcIll-
ETC¢IV) [50]. These supercomplexes define CoQ and CytC pools.

ETCComplex-III connects preferentially to CoQ-containing supercomplexes
mtRSC1 and mtRSC2 with preferential electron flux from ETCcomplex-1 to
ETCcomplex-II1. Two functional CoQ populations exist: (1) CoQ involved in electron
transfer from NADH (CoQNAPH) in ETCcomplex-I-containing supercomplexes and
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(2) free CoQ in the inner mitochondrial membrane linked to ¢
enzymes that use FAD (CoQFAP).

ETCComplex-IV-containing  supercomplexes also possess cytochrome-C.
Cytochrome-C oxidase subunit-7a polypeptide 2-like (CcOx7a2L)° is observed in
ETCcomplex-IV4  supercomplexes mtRSCI1 and mtRSC3, but not in free
ETCcomplex-III and -1V [50].

Three ET™Ccomplex-IV populations can thus be defined: (1) a first pool that re-
ceives electrons exclusively from NADH (FT¢complex-IVNAPH): (2) a second from
FAD-dependent enzymes (ETCcomplex-IVFAP); and (3) a third from both NADH
and FAD. Incorporation of ETCcomplex-IV mediated by CcOx7a2L into respiratory
supercomplexes minimizes competitive inhibition of respiration between pyruvate
and succinate [50].

The assembly of these supercomplexes optimizes the use of available substrates
(i.e., mitochondrial respiration via alternate routes to ET¢complex-1V). The substrates
of the mitochondrial electron transport chain, glutamate and malate, generate intrami-
tochondrial reduced form of nicotinamide adenine dinucleotide (NADH) to feed
electrons to FT¢complex-1, thereby eliciting respiration via ETCcomplex-1, -III, and -
IV [50]. The other substrate, succinate, feeds electrons to ETCcomplex-II via flavin
adenine dinucleotide (FAD), priming mitochondrial respiration via ET¢complex-II,
-III, and -IV [50].

Adenosine triphosphate synthase in the IMM uses the reentry of protons in the
matrix as a source of energy for ADP phosphorylation and ATP production. In
brown adipocytes, mitochondrial respiration is uncoupled from ATP synthesis by
uncoupling protein-1, and electron transfer serves as heat generation.

Fatty Acid g-Oxidation In the adult normal heart, 50-70 % of its ATP is derived
from fatty acid B-oxidation (Vol. 6, Chap. 3. Cardiovascular Physiology). Fatty acids
utilized in cardiac fatty acid B-oxidation primarily originate from plasma free fatty
acids (FFA; concentration 0.2—-0.6 mmol/l) bound to albumin. As the majority of
circulating FFAs are incorporated in triacylglycerol (TAG or TG) in lipoproteins, they
are released from exogenous TAG contained in chylomicrons (mainly) and very-low-
density lipoproteins (via VLDL—-apoE receptors) upon action of the primary tissue
lipase, adipose triacylglycerol lipase (ATGL), and lipoprotein lipase (LPL) on the
capillary endothelial surface [49].'°

The majority of fatty acids undergoing p-oxidation are mono- (e.g., oleate, the
most abundant fatty acid in blood) and polyunsaturated fatty acids.

complex-II and other

° Also known as supercomplex assembly factor-1 (SCAF1).

10 Tnactive monomeric proenzyme from the ER of the cardiomyocyte is activated between the ER
and the Golgi body and then secreted as an active homodimer. It binds to cardiomyocyte surface
heparin sulfate proteoglycans (HSPG). The HSPG-LPL complex is transferred to endotheliocytes
[49]. Fasting augments LPL activity that partly results from transport from cardiomyocytes to
endotheliocytes, upon stimulation of AMP-activated protein kinase (AMPK). In adipose tissue,
LPL secretion decreases, angiopoetin-like protein-4 supporting conversion of active dimerized
LPL to the inactive monomer.
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The ratio of NADH:FAD electrons feeding the mitochondrial electron transport
chains is higher when the substrate is glucose than using fatty acids [50]. Neverthe-
less, the adjusted assembly of mitochondrial respiratory supercomplexes ensures an
efficient oxidation of available substrates. Separate electron routes enable the shift
to the FAD pathway upon switching to fatty acid degradation.

The activated sympathetic nervous system can also rapidly increase the plasma
FFA concentrations, mainly from f-adrenoceptor-mediated stimulation of hormone-
sensitive lipase in the adipose tissue.

Fatty acids are taken up by cardiomyocytes by diffusion and through the scav-
enger receptor ScaRb3 (or fatty acid translocase [FAT]; chiefly; resides also in
the mitochondrial membrane) and SLC27al and SLC27a6 transporters (or fatty
acid transport proteins FATP1 and FATP6]). The plasmalemmal isoform of fatty
acid-binding protein (pmFABP) concentrates fatty acids priorto uptake [49].

Inside the cytosol of cardiomyocytes, fatty acids bound to fatty acid-binding pro-
teins (FABP) are esterified to fatty acylCoA by fatty acylCoA synthase (FACS).
The fatty acylCoA can then be esterified to complex lipids or the acyl group trans-
ferred to carnitine. Carnitine palmitoyltransferase CPT1, which is inhibited by
malonylCoA (synthesized from acetylCoA by acetylCoA carboxylases [ACCa and
(predominantly) ACCB] and degraded by cytosolic, peroxisomal, and mitochondrial
malonylCoA decarboxylases [MCD]), converts long-chain acylCoA to long-chain
acylcarnitine [49]. The latter is then transferred to mitochondria by carnitine—
acylcarnitine translocase (CACT), where it is converted back to long-chain fatty
acylCoA by CPT2 located on the matrix side of the inner mitochondrial membrane.

The majority of fatty acylCoA enters the fatty acid p-oxidation, hence producing
acetylCoA, NADH, and FADH,. In certain conditions, mitochondrial thioseterase
(MTE) can cleave long-chain acylCoA to fatty acid anions (FA™), which can leave
the mitochondrial matrix via uncoupling proteins [49].

Long-chain acylCoA can also be converted into complex lipids such as TAG,
diacylglycerol (DAG), and ceramides that can be implicated in the development of
insulin resistance, myofibrillar disorganization, and heart failure.

The myocardium has labile TAG stores (~ 3 mg/g myocardium [49]). Cytosolic
long-chain acylCoA can be converted to TAG by glycerolphosphate acyltransferase
[49]. Fatty acids deriving the intramyocardial TAG pool may represent 36 % of the
energy expenditure in hearts perfused only with glucose and 11 % when palmitate is
added to the perfusate. Intramyocardial TAG synthesis rises in diabetes and fasting,
and TAG degradation catalyzed by hormone-sensitive lipase activated by cAMP upon
adrenergic stimulation.

Fatty acid B-oxidation is controlled by:

¢ The myocardial work, and hence cardiac energetic demand;

* Control of mitochondrial function (i.e., not only of fatty acid f-oxidation but also
of tricarboxylic acid cycle and electron transport chain activity);

» Transcriptional control of enzymes of the fatty acid metabolism and mitochondrial
genesis;
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+ Fatty acid source, concentration, and supply to the heart;'!

 Fatty acid uptake, esterification to coenzyme-A, and mitochondrial transfer;
* 3Competing energy substrates (glucose, lactate, ketones, and amino acids);
e Hormonal milieu; and

e Oxygen supply to the heart.

A B-oxidation cycle produces acetylCoA that enters the TCAC, flavin adenine dinu-
cleotide (FADH;), and nicotinamide adenine dinucleotide (NADH), and a 2-carbon
shorter chain fatty acid.

Fatty acid B-oxidation involves four enzymes [49]:

* AcylCoA dehydrogenase,

* EnoylCoA hydratase,

* HydroxyacylCoA dehydrogenase, and
¢ 3-ketoacylCoA thiolase (3KAT).

In the heart, different isoforms are related to fatty acid chain length. Each of these
enzymes experiences a negative feedback by the products of the reaction, including
FADH; and NADH.

B-oxidation of mono- or polyunsaturated fatty acids is facilitated by auxillary
enzymes, (2,4)-dienoylCoA reductase and enoylCoA isomerase [49].

The amount of fatty acid B-oxidation enzyme is transcriptionally controlled. The
transcription factors peroxisome proliferator-activated receptors (or nuclear recep-
tors NR1c), heterodimerize with retinoid X receptor upon fatty acid binding. The
PPAR-RXR heterodimer then translocates into the nucleus where it binds to specific
response elements of genes that encode regulators of fatty acid storage (e.g., diacyl-
glycerol acyl transferase [DGAT]) as well as enzymes of fatty acid oxidation (e.g.,
medium-chain acylCoA dehydrogenase [MCAD]) and glucose metabolism (e.g.,
pyruvate dehydrogenase kinase PDK4).!?> They are assisted by the transcriptional
coactivators PGCla and PGC1p.

On the other hand, 30-50 % comes from pyruvate oxidation. Pyruvate derives in
approximately equal amounts from glycolysis and lactate oxidation [49]. Pyruvate
formed from glycolysis is converted to lactate, decarboxylated to acetylCoA by
pyruvate dehydrogenase in the mitochondrial matrix, or carboxylated to oxaloacetate
or malate.

! The arterial fatty acid concentration is the primary determinant of the rate of myocardial fatty acid
uptake and oxidation [49]. Chronic or acute increases in circulating FFA concentrations affect the
rates of cardiac fatty acid uptake and p-oxidation. Circulating FFA levels are chronically elevated in
obesity and diabetes. The sympathetic nervous system activity rises during and after a myocardial
ischemic insult or in chronic heart failure.

12 The nuclear receptor NR 1¢1 (PPAR) is a major transcriptional regulator of fatty acid metabolism.
Its target genes encode ScaRb3, SLC27al, FABP, FACS, glycerol 3-phosphate acyltransferase, dia-
cylglycerol acyltransferase, MCD, CPT1, very-long-chain, long-chain, and medium-chain acylCoA
dehydrogenase, 3KAT, mitochondrial thiesterase MTE1, uncoupling proteins UCP2 and UCP3, and
PDK4.
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The glucose—fatty acid (Randle) cycle describes the reciprocal relation between
fatty acid and glucose metabolisms. Elevated generation of acetylCoA derived from
fatty acid B-oxidation diminishes glucose oxidation, as it activates pyruvate dehydro-
genase kinase (PDK), hence phosphorylating (inhibiting) pyruvate dehydrogenase.
High rates of fatty acid p-oxidation also inhibit phosphofructokinases PFK1 and
PFK2 via citrate [49].

Conversely, increased amounts of acetylCoA derived from glucose oxidation pre-
vent fatty acid B-oxidation. 3-KetoacylCoA thiolase is indeed inhibited by acetylCoA
[49]. Moreover, cytosolic acetylCoA is a substrate for acetylCoA carboxylase (ACC)
that can generate malonylCoA, an inhibitor of CPT1 [49].

In obesity and diabetes, fatty acid uptake and B-oxidation increase [49]. A high
cardiac fatty acid B-oxidation rate may contribute to the development of cardiomy-
opathies. Ischemia also alters fatty acid B-oxidation. Heart failure is linked to a
repression of the transcription of numerous metabolic enzymes [49].

Mitochondria and Calcium Homeostasis Mitochondria contribute to the main-
tenance of calcium homeostasis. At rest, mitochondrial matrix Ca*t concentration
equals about 100 nmol/1 [53].

Calcium uptake into the mitochondrial matrix influences energy production, in
addition to the control of cellular signaling and apoptosis. Large mitochondrial in-
flux can actually alter intracellular Ca®>* signals and initiate cell death. However,
mitochondrial Ca?* uptake varies greatly among cell types.

The spatiotemporal Ca’>* signaling relies on the transfer through carriers
(channels, exchangers, and pumps) from two main Ca>* sources:

1. The extracellular medium (level ~ 1 mmol/l [54]) and
2. Intracellular stores (level > 100 wmol/l [54]) that encompass the ER, mitochon-
dria, golgi body, endosomes, and lysosomes.

The sarcoplasmic reticulum, the primary intracellular Ca®* storage organelle,
releases Ca’* during every heartbeat, the cytosolic Ca’** concentration tran-
siently rising globally from about 100 to 500 nmol/l (exposure time to high local
[Ca%t]; ~ 10 ms) and in the subdomain near intermyofibrillar mitochondria close to
Ca’* release units between the transverse tubule and junctional sarcoplasmic retic-
ulum membranes (transfer distance 50—100 nm) up to about 20 wmol/l during the
release phase [55].

Calcium ions are then removed from the cytosol through the sarco(endo)plasmic
reticulum Ca?t ATPase (SERCA), mitochondrial Ca?>* uniporter (mtCU), and the
sarcolemmal Nat—Ca?t exchanger (NCX) in about 500 ms. Most of the cytosolic
Ca’* ions are resequestered into the sarcoplasmic reticulum and exported to the
extracellular milieu, the mitochondrial uptake accounting for approximately 1 % of
cytosolic Ca>* extrusion [55].

Mitochondria can accumulate large amounts of Ca’* ions via an energy-linked
process. The Ca>* uptake is an alternative to ATP synthesis, a similar energy quantity
being required to phosphorylate one ADP molecule and to transfer two Ca®* ions
into the mitochondrion [56]. Two dehydrogenases of the tricarboxylic acid cycle and
pyruvic acid dehydrogenase phosphate phosphatase are sensitive to Ca>* ion.
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Calcium transfer into the mitochondrial matrix is supported by cytosolic Mg>*+
in normal concentrations. Phosphate anion is transferred with Ca>* across the mi-
tochondrial envelope and can precipitate it in the matrix as an insoluble salt [56].
Calcium in mitochondria can prime H* export.

The bulk Ca’>* cytosolic concentration does not reflect its concentration in the
immediate vicinity of mitochondria, where it can actually reach higher levels. Near-
mitochondrion cytosolic calcium nanopools generated by Ca®* release from vicinal
ER compensate the poor affinity of the mitochondrial Ca?* carrier (uniporter) in-
volved in Ca?* uptake. Calcium carrier activity depends on extramitochondrial Ca*
concentration. It has a low open probability at rest that rises upon cell stimulation to
ensure rapid mitochondrial Ca>* uptake and activates oxidative metabolism.

In fact, mitochondrial Ca2* concentration results from activity of several mito-
chondrial Ca?* carriers. The outer mitochondrial membrane is permeable to small
solutes and ions. It is enriched in voltage-dependent anion channels. Their den-
sity controls mitochondrial Ca*>* level. The voltage gating and ion selectivity and
permeability of three VDAC isoforms are influenced by several interactors and
metabolites.

Calcium transfer across the inner mitochondrial membrane is strongly regulated
by the highly selective mitochondrial Ca** uniporter. It forms an active channel as an
oligomer. The MCUB gene encodes the less selective carrier subunit mtCUb. In the
heart, the MCU/MCUD ratio is much lower (3:1) than in the skeletal muscle (40:1)
[57].

The mtCU carrier interacts with regulators such as mitochondrial Ca’>* uptake
protein MiCU1 [54]. Mitochondrial Ca?* uniporter is a proteic complex com-
posed of the channel-forming subunits mtCU and mtCUb, as well as interactors
MiCU1, MiCU2, mitochondrial calcium uniporter regulator mtCURI,' its iso-
form coiled-coil domain-containing protein CCDC90b, essential mtCU regulator
(EMRe), and Ca’*-binding mitochondrial phosphate carrier SLC25A23 [57, 58].
The ion-conducting pore mtCU, which in fact has a high open probability and Ca**
affinity [53], is hence controlled by its regulatory partners that are responsible for
the resulting low Ca’* affinity.

The MICU family comprises three members (MiCU1-MiCU3) that modulate
mtCU open probability. Both MiCU1 and MiCU2 are widely expressed, but MiCU3
resides mostly in the brain [57]. The MiCU1 subtype that undergoes large confor-
mational changes upon Ca’* binding is a mtCU activator and MiCU?2 an inhibitor,
preventing Ca>* overload in the mitochondrial matrix. The MiCU1 paralog MiCU2
interacts with MiCU1. The MiCUI-MiCU2 dimer may exert an opposite effect
according to external Ca®>* concentration. It may keep mtCU close and hence pre-
vent mitochondrial Ca’>* uptake when the extramitochondrial Ca>* level is low
(< 3 wmol/l). It may promote mtCU activity when the cytosolic Ca’>* level rises.

13 Also known as coiled-coil domain-containing protein CCDC90a. This membrane protein interacts
with mtCU, but not with its MiCU1 partner.
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Calcium-dependent MiCU2 inhibition and MiCUI1 activation enable a rapid mito-
chondrial Ca?t influx. In addition, the MiCU1-MiCU?2 heterodimer interacts also
with the EMRe interactor that can mediate MtCU-MIiCU interactions [53].

On the other hand, uncoupling proteins UCP2 and UCP3 regulate Ca>* loading
of the ER rather than that of mitochondria.

Calcium influx via mtCU is counteracted by efflux through low-affinity, mito-
chondrial Nat-K*—Ca?* (mtNCX)'* and HT—Ca** (mtHCX)"> exchangers.

In normal conditions, Ca?t flux across the inner mitochondrial membrane throu gh
mtCU is smaller than that through other cytosolic Ca>* extrusion carriers (single
mtCU conductance ~ 105 mmol/l) [55]. Ca2* transfer through mtCU is modulated
by cytosolic Ca?>* concentration. However, mitochondrion is not a significant buffer
of cytosolic Ca?* concentration in physiological conditions.

Numerous molecules generate and decypher variations of Ca’* concentration
and localization within the cytosol. Calcium carriers cooperate with Ca?* sensors
and buffers to control the spatiotemporal pattern of Ca>* signals that operate ei-
ther directly (via Ca’>*-binding sites) or indirectly (via Ca®*-dependent kinases,
phosphatases, and scaffold proteins).

Mitochondria possess calcium-signaling, synapse-like apposition nanodomains
with the ER and plasma membrane. These sites ensure fast Ca’* transfer. Mitochon-
drial Ca* ion buffers cytosolic Ca’>* concentration, thereby regulating Ca>* carrier
function.

Some mitochondria lodge nearby the sarcoplasmic reticulum endowed with ryan-
odine and IP3-sensitive Ca>* channels. They operate as fast sensors of Ca’* signals
and localized buffers. They enable a high rate of mitochondrial Ca>* uptake through
the IMM despite the mtCU low affinity. In cardiomyocytes, mitochondrial Ca’*
uptake contributes to the control of the excitation—contraction coupling.

In particular, mitochondria are linked to the ER via mitochondrion-associated
endoplasmic reticulum membrane (MAERM). This apposition is tethered by proteic
filaments. Mitofusin Mfn2 is involved in MAERM tethering via both homo- and
heterotypic interactions with Mfn1 [54]. These synapses prevent mitochondrial Ca*
overload.

These contact sites (gap < 200 nm) are nanodomains of high Ca®t concentration,
which are maintained by proteins and chaperones [54]. The ER chaperones and
Ca’* buffers calreticulin and calnexin control the stability or sorting of signaling
proteins in these apposition sites. Calnexin activity is regulated by phosphofurin
acidic cluster sorting protein PACS2 [54]. On the ER side, TRIM19 complexes

14 Also known as NCKX6, SLC24a6, and SLC8b1. It electrogenically countertransports four Na*
for one Ca’* and one K* ion. Calcium extrusion by mtNCX depends on mitochondrial membrane
potential; it is facilitated by a negative membrane potential. It is predominantly active in excitable
cells [59].

15 The electrogenic HY—Ca?* exchanger operates at nanomolar cytosolic Ca>* concentration [55].
At elevated mitochondrial matrix Ca?* concentrations and low cytosolic pH, it extrudes Ca>* ions.
It is preferentially active in nonexcitable cells [59].
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with IP;R, PKB, and PP2 and hence modulates IP;R activity. Heat shock protein
HSPa9 mediates the interaction of VDAC1 with IP;R and facilitates mitochondrial
Ca* uptake. Members of the family of long-chain fatty acid—CoA ligases (FACL)
involved in lipid metabolism abound in these sites.

This specialized membrane is implicated in the transfer of ions such as calcium as
well as proteins and metabolites, in addition to synthesis of cholesterol and ceramide
used for maintenance and phospholipid production and nonvesicular transport (e.g.,
long-chain fatty acylCoA synthase). It thus participates in dynamical changes in
mitochondrial morphology (fusion and fission).

Voltage-dependent anion channels in the OMM of MAERMs and calcium uni-
porter in the IMM enable rapid mitochondrial uptake of calcium. The mitochondrial
calcium concentration is further regulated by calcium efflux via the Nat—Ca’* ex-
changer in the IMM and permeability transition pore in the OMM, as well as by IP;R
and SERCA on the ER side of MAERMs [48].

Mitochondrial Ca?* ion also stimulates aerobic metabolism and ATP produc-
tion. Three matrix dehydrogenases of the tricarboxylic acid cycle are activated by
Ca’*: pyruvate dehydrogenase (PDH), which is regulated by a Ca’**-dependent
phosphatase, as well as a-ketoglutarate (« KGDH) and isocitrate ICDH) dehydro-
genases, which are controlled by Ca?* binding [54]. Moreover, aspartate—glutamate
and malate—citrate antiporters of the IMM possess a Ca>*-binding domain exposed
in the intermembrane space, which allow to raise the metabolite transport.

In normal feeding conditions, mitochondrial Ca>* signals preclude autophagy
[54]. During starvation, cytosolic Ca®* signals support prosurvival autophagy.
Calcium—calmodulin-dependent kinase Cam2Kp (or Cam2K?2) activates the AMPK—
TOR axis and autophagy.

On the other hand, mitochondrial Ca>* accumulation can trigger cell apoptosis
or necrosis by a transient or sustained opening of the high-conductance permeability
transition pore (mtPTP). Calcium ions can exit the mitochondrial matrix through the
mitochondrial permeability transition pore. The latter consists of proapoptotic BCL2
family members BAX and BAK on the OMM and ATP synthase on the IMM under
the control of ADP, peptidylprolyl isomerase-D (or cyclophilin-D), and cyclosporine-
A that prevent pore forming and opening. More precisely, the C subunit of the F;Fy
ATP synthase forms the adenine nucleotide (ADP and ATP)- and voltage-sensitive
mtPTP pore at the IMM [60].

The intrinsic pathways of apoptosis are initiated by the release of apoptosome
components such as cytochrome-C from the mitochondria. Calcium ion cooperates
with various apoptotic signals to liberate proapoptotic mitochondrial components.

In ischemia-reperfusion events, mitochondrial Ca>* overload, in conjunction
with ROS, causes a prolonged mtPTP opening and mitochondrial swelling.

Mitochondrial Connexin-43 Connexin-43 participates not only in the propagation
of the electrochemical wave and metabolic coupling between neighboring cardiomy-
ocytes but also outside gap junctions in paracrine signaling, as it forms hemichannels
at the plasma membrane, as well as in the modulation of gene expression and cell
growth, as Cx43, or its C-terminus can translocate to the nucleus [51].
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Moreover, Cx43 lodges at the inner mitochondrial membrane of subsarcolemmal
mitochondria of cardiomyocytes (but not in interfibrillar mitochondria, or at very
low levels with respect to subsarcolemmal mitochondria). Its localization to mito-
chondria depends on its interaction with heat shock protein HSP90 and translocase
of the outer membrane (TOM) complex via its component TOMM?20. In normal con-
ditions, calcium capacity is lower in subsarcolemmal mitochondria than interfibrillar
mitochondria.

MtCx43 modulates mitochondrial K* uptake, ET¢complex-I function, and radical
oxygen species generation [51]. It ensures cardioprotection, especially in ischemia—
reperfusion events.

In fact, Cx43 of subsarcolemmal mitochondria mediates the cardioprotective ef-
fect of fibroblast growth factor FGF2 [52]. It attenuates calcium-induced opening
of mitochondrial permeability transition pore upon phosphorylation (Ser262 and
Ser368) by protein kinase-Ce.

Subsarcolemmal mitochondria are more responsive than interfibrillar mitochon-
dria to the FGF2 factor. The protective effect of FGF2 is associated with increased
levels of PKCe and translocase of outer mitochondrial membrane homolog TOMM?20
in both mitochondrial populations, and GSK38 in interfibrillar mitochondria [52].

Mitochondria and Cell Apoptosis Mitochondria are involved in the intrinsic apop-
tosis pathway caused by oxidative stress, DNA damage, ER stress, high (toxic)
calcium concentration, and hypoxia (Vol. 2, Chap. 4. Cell Survival and Death). Acti-
vation of proapoptotic BCL2-antagonist killer (BAK) or BCL2-associated X protein
(BAX) leads to OMM permeabilization and leakage of cytochrome-C into the cy-
toplasm. Cytochrome-C then binds to apoptosis peptidase-activating factor APAF1
and forms the apoptosome.

Mitochondrial ROS Production A certain amount of electrons escapes the elec-
tron transfer chain, particularly at ETCcomplex-I and -III, reacts with molecular
oxygen, and generates superoxide anion. In normal conditions, ROS formation is in-
volved in physiological processes (Vol. 4, Chap. 10. Other Major Types of Signaling
Mediators). The small resulting ROS quantity contributes to normal cell signaling.

Nitroxyl triggers cardiac preconditioning to ischemia—reperfusion injury
(Sect. 8.8) via oxidative and/or nitrosative stress-related mechanisms. Several mes-
sengers, such as acetylcholine, bradykinin, and opioids, launch a preconditioning-
like protection during the first few minutes of myocardial reperfusion following is-
chemia via a mitochondrial Karp—ROS-dependent process [61]. Moreover, ischemic
postconditioning also ensures cardioprotection via redox signaling.

However, excessively produced amounts of mitochondrial ROS due to a dysfunc-
tional respiratory chain (e.g., unrestrained NADH levels and low ATP production),
and/or other mitochondrial sources (e.g., monoamine oxidase and Src homology
(SHC)-2 domain-containing transforming protein SHC1 [P66SHC])'® overwhelm

16 In particular, SHC1 (P66SHC) catalyzes the formation of H,O, and causes reperfusion damage
[62]. The Shel gene encodes a cytoplasmic adaptor protein with several splice variants (P46SHC,
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the antioxidant system within the matrix (e.g., ROS scavengers manganese superox-
ide dismutase and glutathione peroxidase). The resulting oxidative stress damages
mitochondrial DNA (mtDNA) and provokes autophagy, apoptosis, and necrosis.
The imbalance between ROS generation and removal, that is, oxidative stress
intervenes in cardiac diseases, especially in myocardial injury caused by reperfu-
sion after ischemia. Mitochondria are the most relevant site for ROS formation in
cardiomyocytes.

1.5.2.2 Mitochondria in Immunity and Inflammation—Mitochondrial
Alarmins

Alarmins, or damage-associated molecular patterns, originated from the cell include
constituents of the plasma membrane, nucleus, cytosol, ER, and mitochondria.

Inflammation is an initial response of the innate immunity, which subsequently
stimulates the adaptive immunity to trigger a robust and selective defense.

Immunological response is triggered by exogenous stimuli (e.g., bacteria, viruses,
and fungi), whereas immunological tolerance discriminates between healthy self
elements and exo- and endogenous alarmins. Immunity can be activated by
mitochondrial damage-associated molecular patterns (mtDAMP).

Mitochondrial alarmins, that is, Nformyl peptides and mtDNA, released during
cell injury and/or death, are immunological activators recognized by specific pattern
recognition receptors (PPR) of the innate immunity, in particular those expressed
in the cardiovascular apparatus, that is, formyl peptide (FPR) and Toll-like receptor
(TLR), respectively. When mitochondrial components are liberated into blood cir-
culation upon plasma membrane rupture and improper degradation within the cell,
they are sensed by PRRs and can prime a systemic inflammatory response.

Mitochondrial DNA Unlike nuclear DNA, mitochondrial DNA contains inflam-
matogenic unmethylated cytosine—phosphodiester—guanine (CpG) dinucleotides.
Mitochondrial DNA that escapes degradation is a ligand for the TLR9 receptor at the
ER of immune as well as endothelial and vascular smooth muscle cells. Upon stimu-
lation by mtDNA, TLR9 translocates to endosomal membranes. Activation of TLR9
provokes the synthesis of proinflammatory cytokines and activation of the MPAK
module. In particular, released mtDNA by pressure overload launches a TLRY-
mediated inflammatory response in cardiomyocytes and can engender myocarditis
and dilated cardiomyopathy [48].

P52SHC, and P66SHC) involved in intracellular signaling from activated protein Tyr kinases to small
Ras GTPase. SHC1 (P66SHC) is not involved in Ras-mediated signaling, but in ROS metabolism
regulation. A fraction of P66SHC localizes within the mitochondrial intermembrane space, where it
oxidizes reduced cytochrome-C. Molecular oxygen is then partly reduced to hydrogen peroxide by
P66SHC—cytochrome-C action. Hydrogen peroxide contributes to the opening of the mitochondrial
permeability transition pore that triggers apoptosis.
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Once it is freed from injured cells, mtDNA remains associated with mtTFa and
promotes endosomal signaling via the PI3K-PKB and ERK axes in plasmacytoid
dendritic cells. Immune response mediated by TLR9 is amplified by mtTFa.

Mitochondrial Y Formyl Peptides NFormyl peptides, such as Nformyl methionine,
produced by the degradation of cells and bacteria are potent chemoattractants that
have a high-affinity binding for the formyl peptide receptor involved in chemotaxis.

Formyl peptide receptors (FPR1-FPR3) constitute a subcategory of GPCRs. They
are expressed at high levels on neutrophils and monocytes, as well as dendritic cells
and natural killer cells that kill tumoral and virally infected cells. They are also
detected in endothelia, epithelia, and smooth muscles, as well as lung, liver, spleen,
and skeletal muscles [48].

Once they are activated by Nformyl Met—Leu—Phe (fMLP), they stimulate NADPH
oxidase, hence generating ROS, as well as cell chemotaxis and release of proteolytic
enzymes.

Activated FPR triggers rearrangement of the cytoskeleton, thereby facilitating
cell migration as well as chemokine synthesis. Binding of Nformyl peptides to their
specific plasmalemmal receptors initiates various cascades of chemical reactions:

1. G protein stimulates phospholipase-C and subsequently the IP;—Ca?* and DAG—
PKC pathways.

2. FPR also activates small Ras GTPase and subsequently the Raf-MAPK axis (i.e.,
P38MAPK, JNK, and ERK1 and ERK2 kinases).

3. Liganded FPR can also excite cADP-ribose hydrolase at the plasma membrane
of many immune leukocytes (CD4+ and CD84- T and B lymphocytes and natural
killer cells).

NAD™ that enters the cytosol is converted into cADPR, a second messenger
that interacts with ryanodine receptors, thereby further raising cytosolic Ca’*
concentration.

Mitochondrial Phospholipid Cardiolipin Mitochondrial dysfunction canlead to car-
diolipin release. Cardiolipin is then rapidly oxidized and converted into an alarmin.
In atherosclerotic lesions, oxidized cardiolipin in apoptotic cells is implicated in
adverse immune response [48].

Mitochondrial ATP Once released, ATP binds to the plasmalemmal inotropic
P2X nonselective cation channels and G-protein-coupled P2Y receptors. Intravas-
cular release of ATP contributes to tissue damage via inflammation associated with
recruitment of circulating neutrophils.

In human microvascular endotheliocytes, a high concentration of extracellular
ATP causes the release of IL6 as well as CCL2 and CXCLS, and increases ICAM1
expression, thereby favoring vascular inflammation [48].

Mitochondrial Cytochrome-C Cellular stress releases cytochrome-C from mito-
chondria into the cytosol, where it can act as an intracellular alarmin and activate
caspase family members.
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MicroRNAs Once they are secreted from tumoral cells in exosomes, miR21 and
miR29a activate TLR7 and TLR8 in immunocytes, thereby activating NFk B and
supporting inflammatory cytokines production [48].

MicroRNAs are ligands for TLRs. Pre-microRNAs and microRNAs can be de-
tected in human mitochondria, at least in some cell types. They are overexpressed in
carotid arteries after angioplasty.

1.5.3 Epicardium

The epicardium is an epitheliocyte monolayer that surrounds the heart. The proepi-
cardium arises from extracardiac precursor cell aggregate at the venous pole of the
developing heart. It a source of signals and cells for the myocardium and coronary
vasculature. The embryonic epicardium generates the majority of interstitial and
perivascular cardiofibroblasts and coronary smooth myocytes via mobilization and
differentiation of epicardium-derived cells controlled by auto- and paracrine signals.

In particular, epicardial FGF induces Sonic Hedgehog signaling that regulates the
formation of coronary arteries and veins [63].

Notch signaling regulates smooth myocyte differentiation of epicardium-derived
cells once they have reached a perivascular position.

Whereas the canonical Wnt signaling is used in myocardial progenitors, it is
not involved in epicardial epithelial-mesenchymal transition and smooth myocyte
differentiation.

The Hedgehog—Smoothened pathway is implicated in vasculo- and angiogene-
sis in embryos and adults via cardiac and vascular endotheliocytes. Both SHh and
Ptchl are synthesized in the epicardium, but the Hh pathway is not relevant in
the epicardium. Moreover, the epicardially activated Hh pathway is deleterious for
cardiogenesis [63].

Fibroblast growth factor receptors FGFR1 and FGFR2 are involved in prolif-
eration, migration, and differentiation of numerous cell types. In mice, epicardial
deletion of the CTNNB1, SMO, Fgfrl and Fgfr2 gene expression does not affect
epicardial cell mobilization and differentiation [63].

On the other hand, platelet-derived growth factor receptor PDGFRa is involved
in epicardiogenesis. The loss of PDGFRA reduces epithelial-mesenchymal tran-
sition and prevents the differentiation of epicardium-derived cells into mature
fibroblasts [63].

After ischemic injury, the epicardium expands, gives rise to epicardial-derived
cells that undergo an epithelial-mesenchymal transition and engender cardiofibrob-
lasts and myofibroblasts [35]. The Wnt—f Ctnn pathway contributes to the regulation
of the fate of epicardial-derived cells after ischemic injury.
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1.5.4 Cardiac Cell-Endotheliocyte Interactions

The cardiac endothelium includes the endocardium and coronary endothelium. They
share common features in signal transduction launched by neurotransmitters, hor-
mones, and mechanical stresses, but differ in their embryological origin as well
as developmental, morphological, and functional properties [64]. They also have
distinct properties.

Endocardial (éEC) and coronary microvascular endotheliocytes (cmivEC), which
have different embryological origin, interact directly with neighboring cardiomy-
ocytes, hence being able to modulate myocardial performance and growth. On the
other hand, endotheliocytes of coronary arteries, large arterioles and venules, and
veins interact with smooth myocytes.

1.5.4.1 Endocardium

The luminal surface of the mature heart comprises furrows, cylinder- and sheet-like
trabeculae, and papillary muscles. The cavitary surface of the cardiac wall is lined by
the endocardium, a sheet of connected endotheliocytes with a central nuclear bulge
covered by a dense electrically charged glycocalyx. The endocardium is a paracrine
regulator of myocardial performance, particularly in the right ventricle [65].

Endocardial endotheliocytes are larger than their vascular homologues. Their
luminal surface possesses numerous microvilli [65]. Gap junctions contain connexin
Cx43, Cx40, and Cx37 between endocardial endotheliocytes abound, hence form a
syncytium. On the other hand, the concentrations of intercellular adhesion molecule
ICAMI1 and antigens of the class-1 and -2 major histocompatibility complex are
lower than those in myocardial capillary endotheliocytes.

Numerous plasmalemmal ion channels (e.g., inwardly rectifying K+, Ca’*-
activated KT, background CI~ and cation, volume-activated C1~, and stretch-
activated cation channels) as well as pumps (e.g., Nat—K* ATPase) are asymmet-
rically distributed in the luminal and abluminal cell surface [65]. For example, the
predominant a1 type of Nat™—K™ ATPase is confined to the luminal membrane of the
endocardial endotheliocyte. The transendocardial electrical resistance is two to five
times higher than that in other endothelia.

The intercellular cleft between endocardial endotheliocytes is three to five times
deeper than that between myocardial capillary endotheliocytes (most clefts are shal-
low having few tight junctions with many interruptions) and is often highly tortuous.
Most clefts contain one or two tight junctions and zonula adherens interacting with
a circumferential actin filament band and several connecting proteins [65].

Moreover, the endocardial endothelium that exhibits an extensive intercellular
overlap provides a blood—heart barrier (BHB) that ensures an active transendothelial
physicochemical gradient of various ions [65]. Tight junctions localize to the luminal
side of the intercellular clefts. The glycocalyx is more developed at the luminal side
than below the tight junctions.
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Table 1.15 Gene expression in cultured endocardial and aortic endotheliocytes. The voltage-gated
sodium channel Nay2.1 (also known as Nay, NaG and SCL11 in rats, and Nay2.3 in mice) encoded
by the SCN7A gene is a sodium sensor in the subfornical organ. (Source: [66])

Endocardial endotheliocyte Aortic endotheliocyte
GATAGT?2 Connexin-26, VCAMI1
TGFpB2 Decorin

PTHR, IP;R Via

ScaRel, ApoE STAR

Nav2.1

Lysozyme, creatine kinase-B, fatty acid translocase, ATP1f81,
GuCy1p3, MME, CyP7b

Sortilin-1, B A4-crystallin

Preprocomplement-C3

Cyclin-D2

ATP1B1 Nat-K*-dependent ATPase 1 subunit, GATAGT GATA-binding protein, MME mem-
brane metalloendopeptidase, PTHR parathyroid hormone receptor, STAR steroidogenic acute
regulatory protein, V5 vasopressin receptor

In the subendocardial space, endocardial endotheliocytes can interact with the
subendocardial terminal Purkinje fiber network and with the extensive subendocar-
dial nervous plexus.

Cardiac endotheliocytes differ from aortic endotheliocytes in their transcriptional
activity [66]. Sets of genes are preferentially expressed in cultured endocardial en-
dotheliocytes than in cultured aortic endotheliocytes. However, behavior of cultured
endotheliocytes can differ from that of cells within the body. Moreover, behavioral
difference may be specific to the cellular phenotype. Nonetheless, the endothelial
genetic diversity observed in culture reflects partly the physiological variability.

The analysis shows that 299 genes are preferentially expressed in EECs from
rat right and left ventricles (> twofold increase, 100 genes with a > tenfold relative
overexpression) and 201 genes are preferentially transcribed in aortic endotheliocytes
(Table 1.15) [66].

1.5.4.2 Role of Endocardial and Vascular Endotheliocytes

Endotheliocytes of the endocardium and myocardial vessels participate in the regula-
tion and maintenance of cardiac function, both types being close to cardiomyocytes.
Cardiac development and growth rely on endothelial-myocytic interaction. Me-
diators governing this interaction, such as angiopoietin, neuregulin, and vascular
endothelial growth factor, maintain phenotype and survival of cardiomyocytes.
Cardiac and vascular endotheliocytes synthesize, activate, and release auto-
and paracrine agents, such as vasoconstrictors and -dilators (e.g., angiotensin-2,
endothelin-1, nitric oxide, and prostaglandin-I,), pro- and anticoagulant (pro- and
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Table 1.16 Paracrine messengers in redox signaling between endotheliocytes (EC) and cardiomy-
ocytes (CMC; Source: [64]). Neuregulin-1 (Nrgl), a member of epidermal growth factor (EGF)
family and ligand for receptor Tyr kinases of the HER family, is produced by endotheliocytes.
Hydrogen peroxide causes Nrgl release from ECs as well as activates the HER4-PKB signaling

Agent | Source | Signaling in source cells | Signaling in target cells | Effects
Nrgl | EC Stimulated release HER2/4, PKB Myocyte hypertrophy
and survival
(O cGMP-PKG Altered relaxation
and stiffness
NO EC NOS3 RGS4 degradation Myocyte hypertrophy
PP3-NFAT
VEGF |CMC | NOx4-HIFI-VEGF Angiogenic signals Angiogenesis
NOx4-ROS-GATA4
H,O0, |CMC NOx4 NOS3 Increased perfusion
Angiogenic signals

antithrombotic) factors, and growth and antigrowth factors that contribute to an-
giogenesis and tissue remodeling, as well as to inflammation and immunity. These
factors influence cardiac metabolism, growth, contractility, and rhythmicity of the
adult heart.

1.54.3 Communication Between Endotheliocytes and Cardiomyocytes

Cardiomyocytes (30 % of cardiac cells) are intimately arranged within the coronary
microvasculature (capillary density 3000-4000/mm?) for adequate blood supply.
Endotheliocytes communicate with cardiomyocytes over a short distance (distance
between cardiomyocytes and endotheliocytes < 2-3 pwm).

Endotheliocytes support cardiomyocyte differentiation and cardiogenesis. Con-
versely, signaling agents secreted by cardiomyocytes, which influence endothelio-
cytes, are required for the proper cardiac development.

Both the endocardial and myocardial vascular endothelia can directly modulate the
contractile state of adjoining cardiomyocytes using paracrine factors, such as nitric
oxide, endothelin-1, prostanoids, natriuretic peptides, and cytokines, among other
agents [64]. Nitric oxide assists myocardial relaxation via the cGMP-PKG-mediated
phosphorylation of troponin-I and reduction in myofilament Ca>* sensitivity [64].
In addition, the NO-cGMP-PKG signaling reduces cardiomyocyte stiffness, as it
phosphorylates titin. Several paracrine messengers participate in redox signaling
between endotheliocytes and cardiomyocytes (Table 1.16).

In the postnatal and adult heart, cardiac endotheliocytes can affect cardiac func-
tion in various ways. The contribution of endocardial endotheliocytes must be
distinguished from that of vascular endotheliocytes, and within the latter category, be-
tween myocardial and epicardial sources as well as between vascular compartments
(arteries, microvessels, and veins).
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The vascular endothelium in the coronary conductive and resistive arterial com-
partments controls coronary blood supply to the myocardium. In adult rats, cardiac
endotheliocyte-to-myocyte volume ratio equals 0.04-0.05 [65]. The intercapillary
distance equals 20.2 pm in the ventricular wall and 15.6 pm in papillary muscle of
normal rat heart.

The closest distance from endocardial endotheliocytes to adjacent cardiomyocytes
depends on animal species and cardiac site (from <1 pwm in small mammals to
10-30 wm in the ventricle and >50wm in atria of larger mammals such as
humans) [65].

1.5.4.4 Angiogenesis

Cardiac myocytes and fibroblasts interact with endotheliocytes to regulate angio-
genesis. Cardiofibroblasts produce both angiogenic (e.g., VEGF) and antiangiogenic
(e.g., CTGF) molecules [35]. Cardiomyocytes release multiple paracrine messengers
such as VEGFa to regulate the coronary vasculature [64].

After cardiac injury, fibroblasts also produce matrix metallopeptidases that support
endotheliocyte migration and vascular sprouting. The Wnt proteins induce several
MMP types. Cardiofibroblasts also synthesize tissue inhibitor of metalloproteinases
that exerts both pro- and antiangiogenic effects and operates via the Wnt—f§ Ctnn
signaling. Macrophages limit aberrant or excessive angiogenesis via VEGFR1 and a
noncanonical Wnt pathway [35].

The Wntl morphogen supports angiogenic ability of endothelial progenitor cells
[35]. The Wnt antagonists Dkk1 and Dkk2 promote mobilization of endothelial
progenitors from the bone marrow.

1.5.4.5 Microvasculature-Myocardium Communication

Neuregulins enable communication between the cardiac microvasculature and car-
diomyocytes [67]. Neuregulins constitute a family of similarly functioning growth
factors encoded by four NRG genes. All Nrg types possess a receptor-binding EGF-
like domain, the C-terminus of which differs in Nrgot and more potent Nrgf isoforms,
each existing in diverse variants [67]. The NRG1 gene encodes various isoforms
(Nrgl-1-Nrgl-6 according to distinct N-termini). The NRG2-NRG4 genes give
rise to a much lower number of isoforms (two N-terminal sequence variants [e.g.,
Nrg2-1A-Nrg2-1B]).

Neuregulins are synthesized in various cell types (Table 1.17). Only NRG1-1
isoform is expressed in the adult heart (endocardium and coronary microvascula-
ture) [67].

Neuregulins are cleaved either by ADAMI17, and act as para- and juxtacrine mes-
sengers, or BACE1 peptidase [67]. However, NrgB3 is directly secreted into the
extracellular space. The ADAMI17 sheddase liberates the ectodomain. Once neureg-
ulin is cleaved by the BACE1 B-secretase, its intracellular domain translocates to the
nucleus to target antiapoptotic genes (reverse Nrg signaling).
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Table 1.17 Neuregulin isoforms. (Source: [67])

Gene | Isoform Receptors | Localization
Nrgl | Unspecified | HER3/4 | Pulmonary epitheliocytes, fibroblasts, Golgi-2 neurons,
cholinergic cells of basal forebrain
Nrgl | Nrgl-1 Neurons, astrocytes, cardiac microvascular endotheliocytes
Nrgl-2 Neurons, astrocytes
Nrgl-3 Neurons, astrocytes, motoneurons
Nrgl-4 Hippocampus
Nrgl-5 Prefrontal cortex
Nrgl-6
Nrg2 HER3/4 Neurons, granule cells, Purkinje cells

Neuregulins bind to receptor Tyr kinases of the HER family (HER1-HER4), either
triggering receptor dimerization and phosphorylation (canonical Nrg—HER forward
signaling) or receptor cleavage and internalization (noncanonical Nrg—HER forward
signaling). Receptors HER1 and HER2 do not bind Nrgl-Nrg4 isoforms; HER3
can bind both Nrgl and Nrg2, but needs to heterodimerize for signal transmission;
liganded HER4 can autonomously respond, though it also heterodimerizes [67].
Different Nrg subtypes may activate distinct signaling cascades, such as the ERK1,
ERK2, PI3K-PKB, and JaK—STAT pathways.

Both HER2 and HER4 are expressed in the pre- and postnatal heart. The HER3
receptor is detected in the invading mesenchyme and endocardial cardiac cushions
of the developing heart (but not in the adult heart) [67]. In the fetal heart, Nrgl
and Nrg2 synthesized by cardiac microvascular endotheliocytes bind to HER4 on
cardiomyocytes that dimerizes with HER2, thereby launching a signaling cascade
that elicits proliferation and differentiation.

In the adult heart, Nrgl has cardioprotective and -regenerative functions (e.g.,
protection against apoptosis as well as proliferation of postnatal cardiomyocytes;
Table 1.18). It may also intervene in cardiac hypertrophy likely via feedforward and
feedback signaling [67].!7 Endothelin-1 and elevated mechanical stress increase Nrg
production, whereas angiotensin-2 lowers it [67]. Integrins expressed by cardiomy-
ocytes act as sensors of mechanical stress and likely noncanonical Nrgl receptors.

In congenital heart disease patients, HER4 density is correlated with defects of
the left ventricular outflow tract. In heart failure, patients have normal Nrg levels,
but extremely decreased HER2 and HER4 levels. After injury, endothelium-derived
Nrgl promotes angiogenesis; it also acts on cardiofibroblasts to attenuate the scar
size.

17 Other growth factors have cardioprotective and -regenerative effects. Whereas FGF1 and IGF1
promote cardiac hypertrophy, periostin and Nrgl have an opposite effect [67]. Nrgl, IGF1, FGF1,
FGF2, VEGF, TGF1, urocortin, and cardiotrophin reduce apoptosis.
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Table 1.18 Effects of neuregulin-1 (Nrg/) isoforms in the adult heart. (Source: [67]). Recom-
binant human neuregulin-1 (rhKNRG1I) is also called neucardin. Anthracyclines are drugs used in
chemotherapy

Type Effects In vitro | In vivo
Nrgl Improvement of myocardial function in diabetic +
cardiomyopathy
Protection against cardiomyocyte apoptosis in diabetic +
cardiomyopathy
Prevention of ATn2-induced diastolic dysfunction NA +
Reduction in ATn2-induced cardiac hypertrophy + +
Reduction in ATn2-induced myocardial fibrosis + +
Nrgla Prevention of anthracycline-induced myofilament injury | —
Nrgla2 Negative inotropy +
Nrglp Prevention of anthracycline-induced myofilament injury | +
Protection against anthracycline-induced cardiotoxicity +
Cardiomyocyte proliferation + +
Improved systolic function NA +
Reduced hypertension NA +
Nrgl-1p | Reduction in anthracycline-induced alterations of ECC +
Angiogenesis +
Nrgl-2f | Cardiomyocyte survival, proliferation, and hypertrophy +
Protection of cardiomyocytes from +
anthracycline-induced apoptosis
Nrglpl Angiogenesis +
Improved Ca’* handling +
Nrglp2a | Protection against anthracycline-induced cardiotoxicity +
Nrglp3 Angiogenesis + +

ATn2 angiotensin-2, ECC excitation—contraction coupling, MI myocardial infarction +(—): positive
(negative) effect, NA not available

1.5.4.6 Redox Signaling Between Endothelial and Other Cardiac Cells

The redox signaling (i.e., signaling via oxidation—reduction modification of medi-
ators) within and between endotheliocytes and cardiomyocytes is a component of
communication between these cell types. It influences myocyte contractility and
hypertrophy, and angiogenesis, as well as cardiac remodeling and fibrosis [64].

In general, redox crosstalk between cardiomyocytes and cardiac endothelio-
cytes results from [64]: (1) diffusion of ROS and nitric oxide; (2) action of ROS
produced in cardiomyocytes or endotheliocytes on the extracellular matrix; and
(3) ROS-dependent alteration of the paracrine release from endotheliocytes of various
cytokines and growth factors involved in cell communication.
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ROS involved in redox signaling include ROS, such as superoxide anion (O3 ™), hy-
droxyl radical (OH*®), and hydrogen peroxide (H,0O,), and reactive nitrogen species,
such as nitric oxide (NO*®) and peroxynitrite (ONOO™).

The ROS effects depend on the generated molecule type, its concentration, sub-
cellular localization, and the endogenous antioxidant status. When the production
of small ROS amounts in response to stimuli remains tightly regulated and spatially
confined, ROS reversibly modulates the activity of molecular targets such as ion
pumps and channels, protein phosphatases and kinases, and other types of signaling
effectors.

On the other hand, when overall ROS production overwhelms cellular antioxidant
defense, the cell experiences oxidative stress and, hence, cellular damage, dysfunc-
tion, energetic deficit, and death due to irreversible modifications of membrane lipids,
proteins, and nucleic acids. ROS generated by NOx enzymes and their interactions
with NO are implicated in redox signaling during the development of heart failure
[64].

In the heart, ROS modulate the activity of components of cardiac remodeling. In
cardiac cells, the ROS sources include mitochondria, xanthine oxidase, uncoupled
NO synthases, and NADPH oxidases (NOx1-NOx5 and DuOx1-DuOx2).

Nitric Oxide Radical Nitric oxide is synthesized by constitutive nitric oxide
synthases, NOS3 mostly in endotheliocytes and, to a lesser extent, in caveolae of car-
diomyocytes, and NOS1 predominantly in the sarcoplasmic reticulum and possibly
mitochondria, as well as inducible NOS2.

Nitric oxide influences cellular functions via the sGC—cGMP pathway as well as
Snitrosylation of cysteine residues of effector proteins.

Excess O3 interacts with NO extremely rapidly to form peroxynitrite. In addition,
once they are uncoupled (due to depletion of the BH4 cofactor or NOS oxidation),
NOSs generate superoxide anion instead of nitric oxide.

Elevated O3~ and ONOO™ levels amplify NOS uncoupling by oxidizing BH4 co-
factor, thereby causing maladaptive cardiac remodeling induced by pressure overload
as well as increasing myocardial damage during ischemia—reperfusion injury.

NADPH Oxidases In cardiomyocytes and endotheliocytes, NOx2 and NOx4 are
the predominant isoforms [64]. They differ according to the structure, activation
mode, function, intracellular localization, and generated ROS types.

The NOx2 subtype that synthesizes O3 is activated by GPCR agonists (e.g.,
angiotensin-2, endothelin- 1, and a-adrenoceptor agonists), thrombin, growth factors
and hormones (e.g., insulin), cytokines (e.g., TNFSF1), metabolic factors (e.g.,
glucose), and mechanical forces.

Constitutively active NOx4 mainly manufactures H,O, that has a higher stability
and diffusibility than those of superoxide anion. It increases in cardiomyocytes and
other cardiac cell types in response to pressure overload [64].
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Table 1.19 Molecular signals released by fibroblasts and cardiomyocytes and then taken up by the
target cell (Source: [40])

Communication direction Messengers

Reciprocal CMC-FB communication ATn2, ET1, TGFg, TNFSF1, IL6F
Predominantly fibroblast to myocyte CTGF, FGF2, and IL1p IL10/33 (inhibitory)
Cardiofibroblast to myocyte PDGF, IGF1, and IL17

Cardiomyocyte to fibroblast ANP, BNP (inhibitory)

AN(B)NP atrial (brain) natriuretic peptide, ATn2 angiotensin-2, CTGF connective tissue growth
factor, ET1 endothelin-1, FGF fibroblast growth factor, /GF insulin-like growth factor, /L inter-
leukin, IL6F IL6 family member, PDGF platelet-derived growth factor, TGF transforming growth
factor, TNFSF tumor-necrosis factor superfamily member

1.5.4.7 Communication Between Fibroblasts and Cardiomyocytes

Adverse cardiac hypertrophy and fibrosis that result from mechanical, metabolic,
and genetic stress can lead to heart failure depending on crosstalk between cardiac
cell types.

Cardiac myocytes and fibroblasts secrete hormones, growth factors, and cy-
tokines, as well as microRNAs and long noncoding RNAs that influence cardiomy-
ocyte and fibroblast activation in an auto- and paracrine manner.

Cardiomyocytes change with increased cell size, modified sarcomeric assembly,
altered gene expression with possible reinduction of the fetal gene program, abnormal
Ca”* handling, and accelerated cell death.

Cardiofibroblasts proliferate and differentiate to a myofibroblast phenotype char-
acterized by contractile smooth muscle markers and an elevated production of
extracellular matrix components that alters the cardiac microstructure and forms a
barrier between cardiomyocytes, thereby impairing electrical coupling and elevating
nutrient transfer distances, hence engendering hypoxia.

Fibroblasts thus influence cardiomyocyte metabolism, performance, and size.
Conversely, cardiomyocytes affect fibroblast phenotype and function. Crosstalk be-
tween cardiac cells is related to messenger exchange via gap junction (juxtacrine
regulation) and secretion of soluble molecules (auto- and paracrine regulation).

Paracrine signals that mediate crosstalk between cardiomyocytes and fibroblasts
are released by both cardiac cell types (angiotensin-2, TGFp, endothelin-1, IL6
family members, and TNFSF1) and exclusively (PDGF, IGF1, and IL17) or pre-
dominantly (CTGF, FGF2, and IL1) by fibroblasts, the two latter categories also
having an autocrine function [40]. These messengers support cardiac adverse hy-
pertrophy and fibrosis. Other molecules impede hypertrophy (IL10 and IL33) and
fibrosis (IL10, IL33, ANP, and BNP; Table 1.19).
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1.5.5 Adipocyte and Structural Remodeling

The thickness of epicardial adipose tissue, a major source of cytokines, is related to
the incidence and severity of atrial fibrillation, the most frequent cardiac arrhythmia
[68].1

The epicardial adipose tissue secretome has a paracrine effect on the neighboring
atrial myocardium. The epicardial adipose tissue has a greater capacity to metabolize
and secrete free fatty acids for the myocardial energetic metabolism, but the glucose
use is lower than in other visceral fatty depots (Table 1.20) [68]. In addition to its role
in energetic and lipid metabolism, adipose tissue produces numerous inflammatory
mediators (i.e., inflammatory cytokines [e.g., TNFSF1 and IL6] and chemokines
[e.g., CCL2]) and adipocytokines.

Activin-A, amember of the TGFf superfamily abundantly produced by epicardial
adipocytes during heart failure or diabetes causes fibrosis in the atrial myocardium.
Adipocytes may also infiltrate the atrial myocardium. Progenitor cells that abound
in the epicardial adipose tissue may be a source of matrix-producing myofibrob-
lasts. Activin-A has also antihypertrophic and -apoptotic effects on the myocardium
experiencing ischemia—reperfusion events and pressure overload injury [68].

In ischemic cardiopathy, the epicardial adipose tissue contains more ROS than
the subcutaneous adipose tissue, as the activity of the antioxidant enzyme catalase
that protects cells against hydrogen peroxide is reduced [68].

1.5.6 Interactions Between Cardiac Cells and Resident and
Recruited Leukocytes and Platelets

Cardiomyocytes contribute to the inflammatory response triggered by myocardial
damage. Injured cardiomyocytes release alarmins, or damage-associated molecu-
lar pattern molecules, such as high-mobility group box HMGB1, DNA fragments,
heat shock proteins, and matricellular proteins, which instruct surrounding healthy
cadiomyocytes to produce inflammatory mediators [69]. These mediators comprise
cytokines (mainly interleukins IL1f and IL6 and TNFSF1) and chemokines (e.g.,
CCL2) which, in turn, activate signaling cascades in surviving cardiomyocytes and
trigger leukocyte activation and recruitment.

18 The term pericardial adipose tissue can in some studies define epicardial adipose tissue (i.e.,
inside the pericardial sac) or in other works the sum of both epi- and paracardial adipose tissues.
In fact, the pericardial brown adipose tissue comprises: (1) the paracardial adipose tissue located
outside the visceral pericardium and (2) the epicardial adipose tissue situated between the visceral
pericardium and epicardium. Intramyocardial fatty deposits are dedicated to triglyceride storage.
Some white adipose tissue can be detected in the atrioventricular and interventricular grooves of
the adult heart.
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Table 1.20 Activity of the human epicardial adipose tissue (Source: [68])

Function factors

Effects

Metabolic activity

Lipolysis (high)
Glycolysis (low)

Source of free fatty acids

Heat production (UCP1)

Protection against hypothermia

Angiogenesis

Angiogenin, endostastin, VEGF,
thrombospondin-2, angiopoietin

Cell adhesion, cell proliferation, cell migration

Tissue development and remodeling

TGFB1-TGFp3, activin-A, follistatin

Fibrosis, myocyte calcium signaling

MMP1/2/3/8/9/13

Extracellular matrix remodeling

Adipocytokine signaling

Adiponectin, leptin

Increased insulin sensitivity, anti-inflammatory
activity

Resistin, visfatin, omentin

Inflammation, atherosclerosis

Inflammatory cytokines and chemokines

IL1p/6, TNFSF1, IL6/7 soluble receptor,
serpin-E1

Atherosclerosis

CCL2 Coronary artery disease

Miscellaneous

Adrenomedullin Vasodilation, anti-inflammatory property
FABP4 Negative inotropy

Phospholipase-A2

Atherosclerosis

FABP fatty acid-binding protein, MM P matrix metallopeptidase, TNF tumor-necrosis factor, VEGF
vascular endothelial growth factor. Serpin-E1 is also called plasminogen activator inhibitor PAI1

Fibroblasts traditionally recognized as quiescent cells that produce the extracellu-

lar matrix interfere with immunocytes. They are stimulated by cells of the innate and
adaptive immunity and conversely modulate immunocyte behavior, as they interfere
with the cytokine environment [70]. Cardiofibroblasts also orchestrate infiltration of
inflammatory leukocytes in the heart.

As in the arterial wall, the healthy myocardium contains a high number of
macrophages. The cardiomacrophage population is the fourth cardiac resident cell set
after fibroblasts, cardiomyocytes, and endotheliocytes. Macrophages interact with
cardiomyocytes, endotheliocytes, and fibroblasts.

The Wnt morphogens may modulate inflammatory responses. Stimulation of
TLRs in macrophages induces Wnt5a production which, in turn, upregulates the
expression of proinflammatory cytokines, such as interleukins IL18 and IL6 and
chemokine CXCLS8 (or IL8) [35]. The Wnt5a-Fz—CamK pathway is involved in
macrophage activation that is inhibited by sFRP1 and sFRP5 molecules.
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1.5.6.1 Cardiomyocyte—Leukocyte Interactions

Coordinated interactions between cardiomyocytes and immunocytes launch three
successive events during myocardial injury and subsequent inflammation [69]:

1. Production of inflammatory mediators (mainly cytokines and chemokines) by
stressed and damaged myocardial cells;

2. Transmigration of inflammatory cells to the damaged tissue leading to secondary
cytokine amplification, wound healing, and tissue remodeling; and

3. Release of anti-inflammatory signals (e.g., GDF15) to restrain leukocyte invasion
and terminate inflammation and wound healing.

Many signaling pathways are sequentially activated in cardiomyocytes and leuko-
cytes to ensure proper spatiotemporal orchestration of postinjury myocardial
remodeling.

Stressed and damaged cardiomyocytes further contribute to the establishment of
a proinflammatory environment in the myocardium, as they produce different types
of cytokines and chemokines. Hypoxia, abnormal mechanical stresses, and infection
stimulate cardiomyocytes that then mobilize inflammatory mediators and signaling
pathways that are silent or minimally active in the healthy adult myocardium.

Abnormal mechanical stimuli are sensed by mechanosensors, such as integrins,
sarcolemmal and cytoskeletal proteins. Foreign and intra- or extracellular alarmins,
also known as danger signals and damage-associated molecular pattern molecules
(DAMP), are recognized by pattern recognition receptors such as TLRs localized
within the signaling cell or neighboring cardiomyocytes.

Activated receptor triggers signal transduction cascades that involve the MAPK
modules, the JaK—STAT axis, and PP3-dependent pathways. These cascades stim-
ulate nuclear transcription factors, mainly NFk B and AP1, which are required for
the transcription of most cytokine and chemokine genes (Tnfsfl, IL1B, and 116, as
well as CCL2) [69]. Cytokines and chemokines can upregulate synthesis of adhe-
sion molecules on endotheliocytes (ICAM1 and VCAM1), thereby assisting immune
leukocyte extravasation. Chemokines also support leukocyte directional migration
by binding to leukocyte plasmalemmal receptors (e.g., CXCR4). Phagocytes remove
apoptotic, necrotic, and infected cardiomyocytes, and clear cellular debris.

1.5.6.2 Fibroblast-Leukocyte Interactions

Fibroblasts constitute a heterogeneous population of stromal cells characterized by
a spindle shape and an oval nucleus. Among cardiac cells, fibroblasts constitute the
main source of inflammatory signals in ischemic hearts, whereas endotheliocytes
primarily release inflammatogenic molecules in response to pressure overload [69].

Fibroblasts Diversity Fibroblast subtypes differ according to the proliferation
capability, collagen and matrix metallopeptidase production, contractility, and im-
munomodulatory function. These various fibroblast phenotypes are related to the
tissue type.
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In addition, the diversity of fibroblasts within a given tissue can be explained by
distinct origins. Fibroblasts mainly originate from [70]: (1) mesenchymal stromal
cells; (2) fibrocytes that are defined as circulating monocyte-derived cells; (3) ep-
itheliocytes after epithelial-mesenchymal transition (as in the kidney and liver); (4)
endotheliocytes after endothelial-mesenchymal transition (as in the lung and heart);
and (5) circulating cells.

Fibroblast Function Fibroblasts are aimed at synthesizing and remodeling the ex-
tracellular matrix. The inflammation resolution requires the elimination of the major
part of immunocytes that were recruited and proliferated during the acute phase
of inflammation by emigration and death. A persistent activation of fibroblasts and
myofibroblasts causes chronic inflammation.

Fibrosis is a consequence of scarring and complication of inflammation. Fibrosis
is characterized by excess deposition of collageneous and noncollagenous matrix
due to the accumulation, proliferation, and sustained activation of fibroblasts and
myofibroblasts. Fibrosis disrupts tissue structure and function.

Cardiofibroblasts (6070 % cardiac cells) communicate with cardiomyocytes (30—
40 % cardiac cells), thereby assisting electrical coupling between cardiomyocytes
and contraction coordination, as well as allowing mechanical force distribution
throughout the myocardium and contributing to angiogenesis.

Fibroblast Activation Cells of the innate and adaptive immunity activate fibrob-
lasts, as they release growth factors, cytokines, and enzymes that target fibroblasts
and myofibroblasts (Table 1.21). Fibroblasts secrete and respond to growth factors,
cytokines, and chemokines.

Fibroblasts possess various pattern recognition receptors such as TLRs. Once
these receptors are liganded, fibroblasts are activated and can differentiate into
collagen-producing myofibroblasts.

The TGF factor is a profibrotic agent. It has several isoforms (TGFp1-TGFg3)
that are synthesized as precursors bound to latent TGFB-binding proteins (LTBP1
and LTBP3-LTBP4). The latter are cleaved extracellularly, thereby releasing active
TGFp. The TGFp protein induces the expression of profibrotic genes, such as those
that encode collagen-1 and connective tissue growth factor (CTGF) via the SMAD3
factor. It also promotes collagen synthesis via the MAPK modules (P38MAPK, JNK,
and ERK). The concentrations of TGF1 and TGFp3 rise in cardiac fibrosis.

Fibroblast-Immunocyte Crosstalk Fibroblasts assist the recruitment of immuno-
cytes and regulate their behavior, retention, and survival in damaged tissues.
Crosstalk between fibroblasts and leukocytes depends on the interaction between TN-
FRSF5 on fibroblasts and TNFSFS on immunocytes [ 70]. This interaction upregulates
ICAMI1 and VCAMI production in fibroblasts.

Fibroblasts support activation of the endothelium and enable the homing of cir-
culating leukocytes in response to tissue injury. They produce constitutive and
cytokine-induced chemokines (e.g., CCL2 to CCL5, CXCL2, and CXCL10) and
express chemokine receptors [70].
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Table 1.21 Activation of fibroblasts and myofibroblasts by cells of the innate and adaptive immunity
(Source: [70])

Cell type Messengers
B lymphocyte TGFB, IL6, TNFSF1/13b
Eosinophil TGFg, MBP

Lysosomal hydrolases, peroxidases

Macrophage Arginase, NOS2
MMP1/7-9/12, TIMP
1L4/10/13, TGFB, TNFSF1, IL1

Mastocyte TGFg, IL4
Tryptase, chymase

Neutrophil ROS
MMP, cathepsins

Platelet Coagulation factors (FVII, FIX, FX)
PDGF, TGFp

T Iftna/y

Tui7 IL17/22, CXCLS8

T IL1/4/5/13, TNFSF1

Treg TGFB, IL10

Ifn interferon, IL interleukin, MBP major basic protein, MMP matrix metalloproteinase, NOS
nitric oxide synthase, PDGF platelet-derived growth factor, ROS reactive oxygen species, TGF
transforming growth factor, TIMP tissue inhibitor of matrix metalloproteinase, TNF tumor-necrosis
factor

The CCL2 chemokine upregulates the expression of collagen and TGF in fibrob-
lasts (auto- and juxtacrine stimulation) [70]. The CCL2—CCR?2 axis enhances vascu-
lar cell adhesion molecule VCAMI1 expression in human fibroblasts that promotes
monocyte adhesion to fibroblasts (reciprocal enhancement of monocyte—fibroblast
adhesion and chemokine production).

Activated fibroblasts increase the CXCR4 level on T cells via TGFp and express its
ligand CXCL12, thereby supporting the local retention of infiltrated leukocytes [70].

1.5.6.3 Platelets

Platelets also express TLRs that explain their contribution as immunocytes during
inflammation and infection. Platelets promote systemic and cardiac inflammatory
responses as well as ventricular remodeling [70]. Activated platelets release several
growth factors that support healing, such as chemotactic PDGF and TGF that stim-
ulate matrix deposition. Coagulation factor-X has a profibrotic effect; a deficiency
of clotting factor VII can cause cardiac fibrosis.
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1.5.6.4 Eosinophils

Eosinophils secrete the profibrotic agents TGFp and major basic protein MBP1,
as well as lysosomal hydrolases and eosinophilic peroxidase that are implicated in
tissue remodeling. Eosinophilic peroxidase, TGFP, and MBP provoke epithelial—
mesenchymal transition, further contributing to myofibroblast generation [70].

1.5.6.5 Neutrophils

Neutrophils are the first cells attracted to the injured site followed by monocytes and
finally lymphocytes and mastocytes. They initiate an acute inflammatory response
to engulf dead cells and tissular debris to facilitate tissue repair.

Neutrophils release large amounts of ROS (respiratory burst) via NADPH oxidase.
They also secrete proinflammatory cytokines and enzymes, such as MMPs, elastase,
and cathepsins.

1.5.6.6 Mastocytes

Mastocytes synthesize peptidases (e.g., tryptase and chymase), growth factors (e.g.,
TGFp), cytokines, and vasoactive agents. Many released molecule types activate
fibroblasts.

1.5.6.7 B Lymphocytes

B lymphocytes release the profibrotic cytokine IL6 [70]. In addition, TNFSF13b (or
B-cell-activating factor) is inducer of collagen, TIMP1, MMP9, o SMA expression
in human fibroblasts, as well as of that of proinflammatory and profibrotic cytokines
TGFp and IL6 and CCL2 chemokine [70].

1.5.6.8 Helper T Lymphocytes

Ty cells secrete interleukins IL4, ILS5, and IL13 involved in wound healing and
fibrosis. In addition, IL4 and IL.13 cooperate to elicit the phenotypic transition of hu-
man fibroblasts to myofibroblasts using JNK kinase [70]. Moreover, IL13 hampers
MMP synthesis by fibroblast and hence matrix degradation, causing an excessive
collagen deposition. It influences Ty;7-mediated inflammation and Ty, -driven fibro-
sis, as well as the profibrotic activity of myofibroblasts via IL13Ral and IL13Ra2
receptors [70].

Tyy7 lymphocytes produce IL17a and IL22 that have both profibrotic and an-
tifibrotic activities in the heart [70]. In addition, these cells attract neutrophils.
Furthermore, IL17 promotes MMP1 expression in cardiofibroblasts via NFk B, AP1,
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and C/EBP and engenders cardiac fibrosis via the PKCB—ERK1/2-NFk B pathway
[70]. On the other hand, IL17a decreases the expression of CTGF and collagen-1 in
fibroblasts of healthy patients.

1.5.6.9 Regulatory T Lymphocytes

As does Tyy7 cells, regulatory T lymphocytes can suppress or promote fibrosis.
Interleukin-10 precludes collagen synthesis by cardiofibroblasts via the reduction of
STAT3 activity and inhibition of the NFk B pathway [70].

1.5.6.10 Macrophages

Macrophages are large extravascular immunocytes with diverse phenotypes with
distinct regulatory and effector functions. They are actually important modula-
tors and effectors of immunity. They are the main source of several MMP types
(MMP1, MMP7-MMP9, and MMP12) as well as TIMP suppressors. They produce
the profibrotic TGFpP agent.

Cardiac macrophages have a cardioprotective function especially in pathological
conditions. They carry out numerous tasks in wound healing, regeneration, and
tissue remodeling. Resident macrophages may have distinct functions than those of
monocyte-derived macrophages.

As a component of the innate immunity, classical, phagocytic, and antigen-
presenting macrophages provide a first line of defense in injury and infection.
Classical cytotoxic macrophages deliver oxidative bursts and degrade using secreting
peptidases.

Macrophages secrete cytokines involved in wound healing and tissue remodeling
and orchestrate the immune response.

Many stimuli combine to determine the phenotype of macrophages. The develop-
ment of acquired immunity relies on reciprocal interactions between macrophages
and activated T and B lymphocytes. Cytokines and other stimuli are categorized
into M1 and M2 according to their roles in the development, maturation, and ac-
tivation of macrophages. The concept of classical'® and alternative?® activation
termed M1 and M2, respectively (see below), mimics Ty-cell nomenclature, but
it is not entirely appropriate. However, signaling, genetic, and functional signatures
acquired during maturation and activation are usually matched to the M1/M2 model

19 Macrophage classical activation refers to, in an infection context, the antigen-dependent,
nonspecifically enhanced microbicidal activity of macrophages toward bacteria upon secondary
exposure to pathogens. This type of activation relies on interferon-y.

20 Macrophage alternative activation refers to the observation that the mannose receptor is se-
lectively excited by the Ty,-type cytokines IL4 and IL13 in murine macrophages. They trigger a
strong endocytic clearance of mannosylated ligands, increase expression of major histocompatibility
complex (MHC) class-2 molecules, and decrease proinflammatory cytokine secretion.
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of macrophage polarization. Macrophages activated with Tyy; and Ty, cytokines dif-
fer in the metabolic pathway: M1 macrophages produce nitric oxide redical, whereas
M2 macrophages synthesize trophic polyamines [75].

M1 macrophages that originate from macrophages stimulated by TLR lig-
ands and interferon-y influence tissue remodeling and contribute to inflammation
resolution [33].

Cardiac wall-resident, M2 macrophages that originate from macrophages stim-
ulated by IL4 and IL13 are cardioprotectors [33]. They inhibit CD4+ T cells
and release anti-inflammatory cytokines. M2 macrophages release arginase-1 that
controls production of proline used in collagen synthesis by activated myofibroblasts.

Macrophages are endowed with various plasmalemmal receptors for lineage-
determining growth factors and helper T-cell cytokines, as well as B-cell, host, and
microbial products. Once they are mature and activated by a combination of these
stimuli, they acquire a specialized functional phenotype.

Cardiac inflammation and fibrosis are exacerbated by TLR4+-, Caspl+, IL1p+
M2 macrophages and attenuated by T-cell (or transmembrane) immunoglobulin and
mucin domain-containing molecule TIM3+ M2 macrophages [70].2!

Sources of Macrophages Different sources of macrophages exist according to the
cellular function and phenotype. In normal conditions, the majority of macrophages,
except intestinal macrophages, derive from local progenitors that arise from the
embryonic yolk sac [73].

Macrophages produced by local progenitors reside in their destination tissues prior
to birth (e.g., microgliocytes in the brain, pulmonary macrophages, Langerhans cells
in the skin, and Kupffer cells in the liver). However, intestinal macrophages derive
from circulating monocytes.

During inflammation, most macrophages derive from inflammatory monocytes
(Ly6Chigh in mice; CD144, CD16— in humans) that are recruited to the site of
inflammation from blood. These monocytes originate from hematopoietic stem cells
and progenitors in the bone marrow.

In the hematopoietic niche, regulatory and supplying cells that include mesenchy-
mal stem cells, endotheliocytes, macrophages, neurons, and osteoblasts, control the

21 At least, two distinct populations of M2 macrophages (TLR4+ and TIM3+) regulate inflam-
mation and fibrosis in the heart [71]. They crossregulate each others expression on CD11b+
(ov-integrin+) cells. TLR4 and TIM3 are expressed on GR1+4 (lymphocyte antigen-6 complex
locus G [Ly6G]), EMR1+, IL4R+, and M2 macrophages from the heart during acute myocarditis.
M2 macrophages that express significantly more TIM-3 and less IL 16 reduce inflammation. Proteins
of TIM family are expressed by multiple immunocyte types. Type-1 transmembrane (or T-cell) im-
munoglobulin and mucin domain-containing proteins (TIM1-TIM4) in mice, the genome of which
contains eight predicted Tim genes, among which only four encode functional proteins, but TIM2
is absent in the human TIM family, as the human genome only contains three Tim genes (Tim1
and Tim3-Tim4) [72]. The TIM1 molecule has stimulatory and costimulatory effects on T cells.
On the other hand, TIM3 inhibits Ty;-cell response, but activates T-cell responses. It is constitu-
tively expressed by dendritic and microglial cells and, once it is liganded, it increases production
of costimulatory receptors and cytokines.
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Table 1.22 Selected M1 and M2 functions in macrophages, M1 and M2 macrophage polarization
and effects being here limited to Ifny and IL4 (Source: [75])

Ml M2
Activators Ifny 1L4/1L13
Markers Fcy R1, SOCS1, CXCL10 MRcl, TGm2, Fce R1, CCL22
Phagocytosis | 1 Phagocytosis of Candida albicans 1 Phagocytosis of particles

J Fc-mediated phagocytosis 1 Inflammatory cytokine production

| Complement-mediated phagocytosis

Autophagy | Autophagy in tuberculosis | Autophagy in tuberculosis

Fusion Increases fusion Induces fusion

Fusion induction in alveolar macrophages | © — Ifny-induced fusion

Nitric oxide | Mycobacteria killing via NO Favors arginase-1 wrt. NOS2
(Argl+4 macrophages suppress Tyy),
inflammation and fibrosis

4 increase, | decrease, © —> inhibition Fcy(¢)R Fc receptor of IgG(E), Ifn interferon, IL inter-
leukin, MR mannose receptor, NOS nitric oxide synthase, SOCS suppressor of cytokine signaling,
TGm transglutaminase

blood cell production in the bone marrow by delivering messengers (e.g., SCF, CSF3,
CXCL12, and angiopoietin-1) to hematopoietic stem cells. In addition, hematopoi-
etic stem cells possess receptors (e.g., Toll-like and interferon receptors) to sense
circulating danger signals [73].

The spleen may also contribute to the blood monocyte pool. When the splenic
reservoir of monocytes empties, the spleen produces new monocytes, as it can host
extramedullary hematopoiesis [73]. f3-adrenoreceptors on cells in the bone marrow
niche stimulate hematopoietic cells and liberate hematopoietic progenitor cells that
then migrate to the spleen. Monocytes are released from the spleen independently of
CCR?2, but caused by angiotensin-2.

The source of macrophages in the healthy heart remains to be determined, but
most likely derive from local progenitors. In addition, patrolling monocytes travel
in small coronary arterioles [73].

M1 and M2 Macrophages In mice, cardiac macrophages are classified into two
main categories (Table 1.22) [74]:

1. Ly6Chigh CD204— (macrophage scavenger receptor MSR— or ScaRal—),
CD206— (mannose receptor MRc1—), classically activated, M1 macrophages;
and

2. Ly6Cl°W, CD206+, CD204+, less inflammatory, alternatively activated M2
macrophages.

Imbalances between these two types of macrophages induce adverse cardiac
remodeling.

Macrophage activation is primed by combinations of stimuli that commonly com-
prise interferon-y and/or lipopolysaccharide, tumor-necrosis factor-o (TNFSF1),
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immune complexes, colony-stimulating factor CSF2, and Myd88 (M1 stimuli), as
well as CSF1 and interleukin-4 (M2 stimuli), among many other possible combina-
tions. M2 subtypes are also defined, M2a being associated with CSF1 and IL4 stimuli,
M2b with Fc receptors and immune complexes, and M2¢ with glucocorticoids.

Stimuli governing macrophage activation are organized according to their role in
immunity. Four levels can be identified [75]: (1) maturation (e.g., CSF1 and CSF2) as
well as survival and recruitment (e.g., chemokines and adhesion molecules) factors,
in addition to vitamin-D3, retinoic acid, and PPARY ligands; (2) interaction with
lymphoid and myeloid cytokines, among others; (3) interaction with pathogens di-
rectly (via TLRs, NODs, NLRs, RLRs, and nucleic acid sensors) and or via humoral
recognition receptors, such as complement, lectins, ficolins, and B-cell-derived im-
munoglobulins (IgA/E/G); and (4) resolution with systemic (e.g., glucocorticoids)
and local (e.g., ATP, resolvins, maresins, matrix proteoglycans, and other mediators
with general anti-inflammatory properties) factors.

However, the M1/M2 classification has some limitations. In the healthy heart,
macrophages that interfere with cardiomyocytes and endotheliocytes are weakly
inflammatory. They guard against infection and contribute to angiogenesis regulation
and matrix turnover. They sparsely express the surface marker Ly6C and, at high
levels, proteins associated with M2 phenotype, as well as some inflammatory agents
(e.g., interleukin-18) [73].

Cardiac Resident Macrophages Cardiac resident M1 macrophages are aimed at
removing debris of damaged cardiomyocytes and launching proinflammatory ef-
fects after heart injury, neovascularization and debris clearance being mediated via
VEGFa and TGF, respectively [74]. The M1 macrophage activates CD4+ T cells
via IL12. Conversely, it is activated by CD4+ T cells. Interaction between acti-
vated CD4+ T cells and M1 macrophages induces a proinflammatory phenotype in
the macrophage. The M1-macrophage polarity is associated with proinflammatory
cytokines (IL1p, IL6, and TNFSF1).

The tasks of cardiac resident M2 macrophages are limiting excessive inflamma-
tion, priming adaptive response, and ensuring tissue maintenance [74]. Its differentia-
tion relies on STAT3 factor and its activation on Ty, -type cytokines. Interleukin-13,
rather than IL4, induces the alternative activation of resident and newly recruited
monocyte-derived macrophages [74]. The M2 macrophage activity is inhibited by
CD4+ T cells. Conversely, it activates CD4+ T cells, as it secretes IL12, which
stimulates interferon-y-producing T cells. Interaction between M2 macrophages and
activated CD4+ T cells enables M2 macrophage differentiation and proliferation
during cardiac stresses. The M2 macrophage exerts anti-inflammatory effect against
excessive fibrosis. Once it is activated, M2 macrophage impedes the procardiac
injury and profibrotic functions (by IL1p, IL18, and Ifny) of CD4+ T cells and
granulocytes.

Serum- and glucocorticoid-inducible kinase SGK1 supports proliferation and acti-
vation of cardiac M2 macrophages via STAT3 and IL13 (not IL4) stimulation, thereby
mediating at least partly cardiac fibrosis and hypertrophy caused by angiotensin-2.
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Monocyte-Derived Macrophages Two distinct monocyte-derived cardiomacro-
phage types contribute to healing or injury. In postnatal heart, the myocardium
remodeling is assisted by numerous macrophages, as in acute heart injury such
as myocardial infarction. In the early stage of cardiac injury, Ly6C"&" monocytes
are recruited from the bone marrow and spleen to injured myocardium using the
CCR2 chemokine receptor [74]. They differentiate into monocyte-derived cardiac
M1 macrophages. The latter produce proinflammatory cytokines (IL1, IL6, IL12,
and TNFSF1) and chemokines (CCL2 and CCLY5). It also exhibits phagocytic and
proteolytic activities.

Ly6CMe" monocytes can differentiate into both M1 and M2 macrophages ac-
cording to whether the mineralocorticoid receptor or the ScaRa scavenger receptor
operates, respectively. Macrophage class-A scavenger receptor (ScaRa), a modulator
of inflammation, actually shifts the cardiomacrophage polarity toward the M2 phe-
notype. On the other hand, Ly6C'®" monocytes recruited during inflammation only
evolve to M2 macrophages.

The mineralocorticoid receptor (subclass-3 aldosterone nuclear receptor NR3c2),
a transcription factor, in cardiac macrophages regulates macrophage polarity [74].
It indeed assists M1-macrophage polarity, thereby elevating the M1/M2 activated
macrophage ratio and supporting production of M 1-type proinflammatory cytokines
and chemokines.

In the later stage of cardiac injury, Ly6C'® monocytes are recruited to the
myocardium using the CX3CR1 chemokine receptor [74]. They differentiate into
monocyte-derived cardiac M2 macrophages. The latter express the TGFp and IL12
cytokines. The scavenger receptor ScaRa on M2 macrophages enables the mainte-
nance of the M2 phenotype. This macrophage type contributes to anti-inflammatory
response, angiogenesis, and myofibroblast activation during the healing process.

Refined Classification Markers of tissue-resident macrophages include CD45 (PT-
PRc), EGF-like module-containing, mucin-like, hormone receptor-like sequence
protein EMR1 (in humans; F4/80 in mice), major histocompatibility complex (MHC)
class-II molecule, macrophage surface antigens (Mac1-Mac3), that s, oy p,-integrin
(CD11b), galactoside-binding, soluble lectin LGalS3, and lysosomal-associated
membrane protein LAMP2, respectively, CD11c (ax-integrin), CD68 (ScaRdl),
and CD115 (CSFIR).?

The classification of cardiac macrophages can be refined using class-II major
histocompatibility complex molecules (MHC2), CD11c, and CCR2 (Table 1.23).

22 Macrophages and fibroblasts frequently appear together in fibrosis following inflammation.
Markers are then needed to identify monocytes or macrophages. S100 calcium-binding protein
S100a4, or fibroblast-specific protein FSP1, is a specific marker of fibroblasts as well as in ep-
ithelia undergoing epithelial-mesenchymal transition to form fibroblasts and in metastatic tumor
cells [76]. EMR 1+ fibroblasts in fibrotic tissue also express vimentin and HSP47, or occasionally
a-smooth muscle actin, but these proteins are not specific for fibroblasts. About 12 % of fibroblasts
arise from the blood stream after being released by the bone marrow4. FSP1+- fibroblasts from the
bone marrow and blood are Mac1+ and Gr1°%-,
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Table 1.23 Refined classification of cardiac macrophages at least in mice (Source: [74]). Car-
diac macrophages abound in the healthy heart as well as after myocardial infarction. Resident
macrophages promote myocardial health. Proinflammatory macrophages of infarcted zones can
derive from circulating monocytes; they are implicated in tissue remodeling and resolution of
inflammation during postmyocardial infarction healing. A simplified categorization defines proin-
flammatory M1 macrophages working in the early healing phase and anti-inflammatory and
profibrotic M2 macrophages involved in the late phase. The proinflammatory M1 macrophage
can become an anti-inflammatory M2 macrophage when phagocytosis of apoptotic cells occurs

Type Response to myocardial infarction and angiotensin-2 administration
Role

Ly6Chigh

CCR2—- 1

CCR2+ 4, inflammation

Ly6Clov

CCR2—, CD11c"

MHC2high |, immunosurveillance
(antigen processing and presentation)

MHC2!¥ 1 1, phagocytosis

CCR2+, CD11chigh

MH(C2high ‘ 4, immunosurveillance, inflammation, IL1p production

4 increase, | decrease, CCR2 chemokine receptor, CDIIc ax-integrin, MHC?2 class-II major
histocompatibility complex molecule

1.5.7 Interactions Involving Cardiac Progenitors

Cardiofibroblasts intervene in the adaptation and/or repair during and after car-
diac aging, stress, and injury that involve the transdifferentiation of fibroblasts into
myofibroblasts in the infarct border zone or stressed myocardium.

Myofibroblasts produce contractile proteins (e.g., a-smooth muscle actin) and
secrete profibrotic and anti-inflammatory agents. In addition, myofibroblasts influ-
ence the function of transplanted stem cells aimed at minimizing adverse myocardial
scarring. In addition to myofibroblast—stem cell coupling, matrix rheology is an
important factor [77].

During cardiogenesis, Wnt3, Wnt3a, and Wnt8a can stimulate cardiomyogenic
differentiation of embryonic stem cells. A decreased p-catenin activity in cardiomy-
ocytes improves cardiac repair after myocardial infarction [35]. Cardiac stem cells, or
cardiac progenitor cells, can counteract myocardial scarring and fibrosis, thereby lim-
iting evolution of myocardial scarring to heart failure and cardiac arrhythmias [77].

Cardiac progenitor cells from the myocardium and epicardium release matrix
metallopeptidases (MMP2, MMP9, and MMP14) that degrade collagen fibers, the
main constituent of myocardial scars. Simultaneously, the amount of tissue inhibitor
of matrix metallopeptidase TIMP4 decays. Therefore, cardiac progenitors can invade
the scarred area and form new cardiomyocytes and vasculature.
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Transplanted noncardiac (exogenous) stem cell derived from the bone marrow
(endothelial progenitor cells and hematopoietic and mesenchymal stem cells) can
differentiate into endotheliocytes, fibroblasts, pericytes, myofibroblasts, smooth my-
ocytes, and possibly cardiomyocytes. In addition, bone marrow-derived mesenchy-
mal stem cells secrete numerous cytokines and chemokines. However, bone marrow-
derived stem cells have only a modest inhibitory effect on cardiac fibrosis [77].

Nevertheless, several factors may have antifibrotic effects, like FGF2, HGF, IGF1,
adrenomedullin, and the TGFB-neutralizing proteoglycan biglycan [77]. The IGF1
factor reduces the production of proapoptotic miR34a. Bone marrow-derived cells
transplanted near the infarcted myocardium attenuate the expression of the profibrotic
miR21. The HGF factor suppresses profibrotic signaling from miR155.

1.6 Short Peptides and Cardiac Development and Function

Short peptides (< 100 AAs) are important regulators of bodily development and
physiology.?> Small peptides include neuropeptides, peptide hormones (e.g., in-
sulin), secreted messengers (e.g., FGF growth factor), and intracellular signaling
regulators such as those associated with ion carriers.

The majority of these small peptides are encoded as large preproteins that un-
dergo posttranslational cleavage and modification. Others are encoded by small open
reading frames (smORF) that are short DNA sequences.

1.6.1 Apela

The Apela gene (apelin receptor early endogenous ligand; also known as Toddler
and Elabela) encodes a 32-amino acid hormone in human embryonic stem cells, the
earliest ligand for the G-protein-coupled apelin receptor during cardiogenesis [78].2*

This regulator is ubiquitous in naive ectodermal cells of the embryo. It supports cell
movement during gastrulation as a nondirectional signal to assist the internalization
and motion of ventrolateral mesendodermal cells [78]. In zebrafish embryos, loss of
apela causes the development of a rudimentary heart or the absence of heart.

The Apela gene encodes a short secreted peptide apela that acts as a local activator
of internalization and signaling of the apelin receptor to promote cell motility required
for cardiogenesis [79].

23 Small transmembrane proteins produced by viral genomes (often < 50 amino acids) intervene in
virus replication and virulence.

24 The apelin receptor participates in the regulation of cardiovascular development and physiology
and control of fluid homeostasis, as well as acts as a coreceptor for HIV infection. Nodal activates
the expression of the apelin receptor.
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1.6.2 Small Open Reading Frames and Short Peptides

Thousands of small open reading frames are able to encode small peptides of less than
100 amino acids. Some short peptides (< 30 amino acids) regulate calcium trans-
port, hence influencing regular myocardial contraction being implicated in cardiac
pathologies [80].

1.6.2.1 Short Peptides and Calcium Handling

Whereas RyR1 and Ryr2 liberate Ca’>* ions from the sarcoplasmic reticulum of
skeletal and cardiac myocytes, respectively, thereby engendering myocyte contrac-
tion, SERCA1a and SERCA2a pumps translocate calcium ions from the cytosol into
the lumen of the sarcoplasmic reticulum of skeletal and cardiac myocytes, respec-
tively, thereby initiating muscle relaxation. The SERCA pump is a single polypeptide
corresponding to the o subunit of the dimeric Na™—K™ and H"—K* ATPases. Two
Ca" ions are transported for each hydrolyzed ATP molecule.

Two single-pass membrane SERCA inhibitors, phospholamban (Pln), a 52-
residue integral membrane protein, which lowers the apparent calcium affinity of the
ATPase, and sarcolipin (Sln), a 31-amino acid integral membrane proteolipid with a
variable expression level, which uncouples ATP hydrolysis from accumulated Ca**
ions, slightly reducing Ca®* affinity of SERCA, bind the Ca** ATPases SERCAla
and SERCA2a. The SIn-SERCA1la complex closely resembles the PIn-SERCA 1a
complex.

SERCA inhibition is relieved by phosphorylation of phospholamban by pro-
tein kinase-A (Ser16) and/or Ca’*—calmodulin-dependent protein kinase (Thr17)
with different physiological effects. Sarcolipin can be phosphorylated (Thr5) by the
STK16 kinase [81].

1.6.3 Pseudo-Noncoding RNAs

Conventional protein-encoding genes endowed with a single, long, conserved en-
coding sequence account only for a fraction of RNA transcribed from the genome
generating a protein (> 100 amino acids). Noncoding RNAs (ncRNA), that is, all
RNAs except mRNAs, have structural roles, such as ribosomal RNAs (rRNA), trans-
fer RNAs (tRNA), small nucleolar RNAs (snoRNA), among others. They also include
small nuclear RNAs (snRNAs), microRNAs (miR), and long noncoding RNAs (IncR-
NAs). Noncoding RNAs are characterized by their RNA sequences and structure.
Eukaryotic ncRNAs can be categorized into small (sncRNA; 20-30 nucleotides; e.g.,
miRs), intermediate (incRNA; 30-200 nucleotides; e.g., snRNAs), and long noncod-
ing RNAs (IncRNA; > 200 nucleotides) [83]. Noncoding RNAs undergo chemical
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modifications. Both their structure and chemical modifications determine their func-
tion. Noncoding RNAs can assemble with proteins and operate as ribonucleoproteins
(RNP). Many ncRNAs are transcribed by RNA polymerase-2, but some transcripts
are processed into miRs to exert posttranscriptional gene silencing. Other transcripts
are retained in the nucleus to form specific foci and/or mediate epigenetic regulation.

However, certain types of small functional peptides are directly translated from
long intergenic noncoding RNAs (lincRNA). Long intergenic noncoding RNAs
operate in [84]:

. Chromatin modification (e.g., chromosome X inactivation);

. Transcription regulation with enhancer-like effect;

. MicroRNA genesis as microRNA precursors;

. Control of posttranscriptional gene expression by sequestering microRNA
repressors; and

5. Production of small functional polypeptides (10—100 AAs).

B W =

Multiple open reading frames generate protein-encoding transcripts, among which
some are lincRNAs. In humans, many widespread transcripts that lack the clas-
sical coding sequence of eukaryotic protein-encoding genes, originated from
micropeptide-encoding genes such as lincRNAs, contain short open reading frames
(ORFs or smORFs; both in the 5" and 3’ UTR) and encode small polypeptides [85].
In cardiomyocytes, the SERCA2a pump replenishes the calcium store by reseques-
tering Ca’* ions into the sarcoplasmic reticulum from the sarcoplasm, enabling
sarcomere relaxation and ventricular filling with blood (positive lusitropic effect).
The SERCA activity is modulated by several soluble substances (e.g., histidine-rich
calcium-binding protein [HRC], calreticulin [CalR], and S100a) and governed by two
small transmembrane proteins, phospholamban and sarcolipin [86]. Both sarcolipin
and phospholamban bind to the SERCA2a ATPase, thereby repressing its activity.
Phospholamban inhibits SERCA, but its phosphorylation relieves its inhibition. Sar-
colipin precludes SERCA activity by uncoupling ATP hydrolysis by SERCA from
calcium transport. Phospholamban is encoded by a small open reading frame within
asingle exon of a large spliced transcript that engenders a 52-amino acid protein [86].
Sarcolipin is also encoded by a single exon of a spliced transcript that generates a
31-amino acid protein.

The lincRNA sarcolamban expressed in myocytes contains 2 functional smORFs
that encode small 28 and 29 amino acids peptides related to sarcolipin and phos-
pholamban [80]. Similarly to sarcolipin and phospholamban, the small peptides
sarcolamban-A and -B are involved in the regulation of Ca>* uptake in the sarcolem-
mal compartment of the ER. Nevertheless, sarcolambans cannot compensate for the
loss of phospholamban and sarcolipin. On the other hand, overexpression of either
sarcolamban, phospholamban, or sarcolipin induces cardiac arrhythmia and damp-
ens calcium transient amplitude and decay rate. Sarcolamban may thus cooperate
with phospholamban and sarcolipin.
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1.7 Pregnancy and Cardiac Function

During pregnancy, the heart can be subjected to diseases such as peripartum car-
diomyopathy (Sect. 4.17) in addition to preexisting cardiac pathologies, such as
valvular failure and cardiomyopathy.

Developmental insults (i.e., maternal undernutrition) or stressors (i.e., expo-
sure to stress-related hormones such as cortisol) during pregnancy raise the risk
of developing metabolic (i.e., obesity, poor glucose tolerance, diabetes, and dislipi-
demia), neurological, reproductive, and cardiovascular (e.g., coronary artery disease)
disorders in subsequent years of life [87].

Maternal undernutrition during pregnancy leads to endothelial dysfunction with
impaired endothelium-dependent relaxation and increased sensitivity to vasocon-
strictors in the offspring. In humans, low birth weight is associated with impaired
endothelium-dependent relaxation in infants, children, and young adults [87]. In
sheep offsprings, maternal nutrient restriction provokes impaired endothelium-
dependent and -independent relaxation of femoral arteries. In rat, maternal under-
nutrition alters not only vasodilation of offspring mesenteric arteries and aortas, but
also vasoconstriction in offspring femoral and carotid arteries [87].

In sheep, vasodilation of fetal coronary arteries is altered by maternal nutrient
restriction during the last two-thirds of pregnancy. Maternal undernutrition during
mid- to late-gestation impairs relaxation in fetal coronary arteries in response to
the endothelium-dependent vasodilator bradykinin [87]. Bradykinin launches va-
sodilation via multiple endothelium-dependent pathways. In coronary arteries of
fully developed animals, bradykinin causes the release of nitric oxide (NO) and
endothelium-derived hyperpolarizing factor (EDHF). The latter is linked to the
release of endothelium-derived epoxyeicosatrienoic acid (e.g., [14,15]EET) that
activates the large-conductance, Ca2*-activated channel (BKy,ca) in coronary vas-
cular smooth myocytes. Maternal nutrient restriction does not affect the response
to (14,15)EET. In addition, potassium flux through BKy,c, channels is similar in
coronary smooth myocytes from fetuses of control and undernourished ewes. The
bradykinin-induced relaxation is resistant to inhibitors of NOS3 and cyclooxyge-
nase in fetal coronary arteries from control animals, the response depending on the
endothelium-derived hyperpolarization of vascular smooth myocytes rather than NO
and prostacyclin. On the other hand, bradykinin-induced relaxation of fetal coronary
arteries from nutrient-restricted animals is abolished completely by inhibition of
NOS3, and hence depends only on nitric oxide [87].

1.7.1 Pregnancy Preparation—Menstrual Cycle and Hormonal
Control

The menstrual cycle can be divided into three phases controlled by the endocrine
system. The ovarian cycle consists of the follicular phase, ovulation, and luteal
phase. The uterine cycle comprises menstruation and proliferative and luteal
secretory phase.
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1.7.1.1 Opvarian Follicle

The ovarian follicle is the basic female reproduction unit. This cellular aggregate
contains a single immature oocyte. The latter is surrounded by avascular granu-
losa. A cavity, the antrum, is hollowed inside this cellular agglomerate during the
growth of the ovarian follicle. Granulosa cells are enclosed by the follicular basement
membrane and the theca interna and externa.

The granulosa cell density increases in response to heightened levels of circulat-
ing gonadotropins. Granulosa cells produce peptides involved in ovarian hormone
synthesis regulation.

At the midpoint of the menstrual cycle, ovulation liberates the dominant mature
oocyte. After ovulation, the oocyte can only survive for about 24 h without fertil-
ization. After ovulation, vessels of the endocrine theca interna invade the granulosa.
Granulosa cells form the corpus luteum. They take up lipids and become endocrine
cells. In the absence of fertilization, the corpus luteum is invaded by a connective
tissue and transforms into corpus albicans.

1.7.1.2 Hormonal Control

Hypothalamic-Pituitary—Gonadal Axis The hypothalamic—pituitary—gonadal
axis is a pathway that links by direct action and feedback three endocrine glands: the
hypothalamus, pituitary gland, and gonad (ovary or testis).?

¢ The hypothalamus produces gonadotropin-releasing hormone (GnRH);

» The anterior pituitary gland (adenohypophysis) follicle-stimulating (FSH) and
luteinizing (LH; or lutrophin) hormones;2® and

* Gonads estrogens and androgens.

Follicle-stimulating and luteinizing hormones are called gonadotropins because they
stimulate the gonad. They are synthesized and secreted by gonadotroph cells of the
anterior pituitary gland. Most gonadotrophs secrete only LH or FSH, but some secrete
both hormones.

These glycoproteins are composed of o and B subunits. The common FSH and LH
a subunit is identical to that of chorionic gonadotropin and thyrotropin. The specific
receptor-binding f subunit characterizes hormone function.

Gonadotropin-releasing hormone travels through the hypophyseal portal circuit
and binds to receptors on the secretory cells of the adenohypophysis. Gonadotropin-
releasing hormone then increases the Fsh and Lh gene transcription.

25 y ova: generation; y ovn: offspring.

26 Five types of endocrine cells secrete hormones: corticotropes (corticotropin or adreno-
corticotropic hormone [ACTH]), gonadotropes (LH and FSH); prolactin (Prl)-releasing cells;
somatotropes (somatotropin or growth hormone [GH]); and thyrotropes (thyrotropin [TSH]).
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Both FSH and LH activate endocrine ovarian cells that then synthesize estrogens
and inhibins, thereby regulating the ovarian and menstrual cycles. The regulatory
loop between the hypothalamus, adenohypophysis, and gonads leads to the pulsatile
secretion of GnRH, LH, and, to a lesser extent, FSH. The pulse frequency is variable.

Estrogens form a negative feedback, as they preclude the GnRH production in the
hypothalamus. In addition, inhibins inhibit activins that stimulate GnRH-producing
cells. On the other hand, the positive feedback between estrogen and LH and FSH
prepares the ovarian follicle for ovulation and the uterus for blastocyte implantation.
Therefore, estrogens exert:

1. A negative feedback during the follicular phase, when their levels are still low;
and
2. A positive feedback at high concentrations near the end of the follicular phase.

Progesterone prevents GnRH, FSH, and LH secretion via its cognate receptor in
the hypothalamic neurons and secreting cells of the pituitary gland. It thus stops
the estrogen—LH positive feedback loop. Progesterone impedes FSH secretion upon
Sa-reduction [88].

Hence, the cycle of hormone secretion from the hypothalamic—pituitary—gonadal
axis comprises the following stages:

GnRH release from the hypothalamus;

FSH and LH liberation from the anterior pituitary;

Estrogen and progesterone (in small amount) secretion from ovarian follicle;
LH and FSH (to a lesser extent) surge at midcycle, causing ovulation;
Progesterone and estrogen (in small amount) secretion from corpus luteum;
Inhibited production of FSH and LH;

Decline in progesterone and estrogen release; and

Reliberation of FSH and LH.

NN LD =

FSH stimulates the maturation of germ cells and initiates follicular growth, specifi-
cally targeting granulosa cells. Follicle-stimulating hormone provokes the synthesis
of luteinizing hormone receptor in granulosa cells. When circulating LH binds to its
cognate receptors, cell proliferation stops.

The LH surge launched by GnRH triggers ovulation and initiates the conversion
of the residual follicle into a corpus luteum. Luteinizing hormone supports thecal
cells that synthesize androgens and hormonal precursors of estradiol. Both FSH and
LH act synergistically. Their concentrations reach a peak at ovulation.

When pregnancy occurs, the LH level decays and the luteal function is maintained
by human chorionic gonadotropin secreted from the placenta.

Estrogens Estrogens, especially estradiol, are secreted by cells of the vascularized
theca interna. As do all steroid hormones, estrogens diffuse across the cell membrane.

Once inside the cell, they bind to and activate estrogen receptors that are tran-
scriptional nuclear factors (estrogen receptors ERa—ERP [NR3al-NR3a2]; Vol. 3,
Chap. 6. Receptors).



84 1 Pathogenesis of Cardiac Diseases

The estrogen-related receptors ERRa to ERRYy are also nuclear receptors (NR3b1-
NR3b3) closely related to the estrogen receptors. They share target genes, coregu-
latory proteins, ligands, and sites of action with the estrogen receptors [89]. They
influence the estrogenic response. The ERRa subtype is an effector of the transcrip-
tional coactivator PGCla involved in oxidative phosphorylation and mitochondrial
genesis [90]. The transcription of ERRa-regulated genes is downregulated in insulin
resistance. These transcriptional coactivators are targeted by various signaling path-
ways. The ERRa isoform is an effector in signaling cascade launched by growth
factor receptor protein Tyr kinases (e.g., HER2 and IGFIR) [91].

In addition, estrogens activate a G-protein-coupled estrogen receptor (GPER or
GPR30; Vol. 3, Chap. 7. G-Protein-Coupled Receptors).

The estrogen concentration increases progressively during the preovulatory part
of the menstrual cycle to reach a peak before ovulation and then falls abruptly. A
second estradiol level elevation of smaller amplitude forms a plateau during the
postovulatory part of the menstrual cycle.

Estradiol acts as a growth hormone in the reproductive tract. It supports walls
of the fallopian tubes, uterus, and vagina, as well as the cervical glands and the
myometrial growth.

Among other effects, estrogens (estrone [E;], estradiol [E;]), and estriol [E3],
according to the number of hydroxyl groups):

» Trigger via a positive feedback the luteinizing hormone surge by the hypothala-
mopituitary axis and, subsequently, trigger ovulation (estrogen surge);

* Improve the coronary arterial blood flow;

* Accelerate metabolism and increase lipidic storage;

* Increase hepatic production of some proteins;

» Stimulate endo- and myometrial growth (thus antagonizing the myometrial-
suppressing activity of progesterone) and thicken the vaginal wall,

¢ Stimulate ductal and alveolar growth in mammary glands; and,

* In late gestation, induce expression of myometrial oxytocin receptors, thereby
preparing the uterus for parturition.

Progesterone Progesterone, another ovarian steroid hormone (progestational
steroidal ketone), is produced by granulosa cells of the corpus luteum. It prepares
the endometrium to receive and nourish an embryo.

The progesterone concentration is relatively low and stable during the preovu-
latory phase of the menstrual cycle. During the postovulatory (luteal) phase, the
progesterone concentration progressively rises, reaches a peak, and progressively
decays.

In the absence of embryo implantation, the corpus luteum involutes causing sharp
drops in progesterone and estrogen levels.

Progesterone operates partly via the intracellular ligand-activated nuclear
receptor NR3c3. In fact, three subtypes (PRa—PRc) arise from the the PGR gene.
The progesterone receptor isoforms PRa and PRb are generated using separate
promoters and translational start sites. A special transcription activation function
TAF3 exists in PRb, but not in PRa. Both isoforms (PRa-PRb) are generally
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expressed at similar levels. When PRa remains transcriptionally inactive, it acts as
a progesterone-dependent inhibitor of estrogen receptor [92]. The PRc isoform is
truncated at the N-terminus. It acts as a transcriptional potentiator, as it enhances
the activity of the larger PR proteins [92].

In humans, ovarian granulosa and thecal cells synthesize three PR isoforms. The
PR receptor is produced by steroidogenic, granulosa, and luteal cells, as well as
stromal fibroblasts of the corpus luteum in the human ovary [92].

In the endometrium, progesterone downregulates its own receptors [92]. On the
other hand, estradiol upregulates PR expression. Both PRa and PRb isoforms are
expressed in comparable amounts in the glandular epithelium during the proliferative
phase. The PRb production persists during the midsecretory phase, but the PRa
synthesis decreases from the proliferative to the secretory phase of the menstrual
cycle. In the endometrial stroma, PRa shows a predominant expression throughout
the menstrual cycle [92]. Progesterone regulates the expression of the calcitonin,
histidine decarboxylase, amphiregulin, and lactoferrin genes, thereby supporting
blastocyte implantation as well as decidualization of uterine stromal cells. Whereas
PRa is expressed in the decidualizing stroma with a gradual decline, PRb expression
is downregulated during decidualization.

In humans, a progesterone receptor of different size lodges on the spermatozoon
membrane [92]. This testicular protein can serve as a marker of the fertilizing po-
tential of the spermatozoa. In humans, progesterone operates via a plasmalemmal
receptor (mPR) and Ca?*, IP3, and PLCy, in addition to its transcriptional activity
[92]. Progesterone rapidly primes activation of the Src—Ras—Raf~ERK pathway via
the mPR receptor from the inner side of the plasma membrane [92]. This nonge-
nomic axis is mediated by the membrane progesterone receptor that belongs to the
PAQR (progestin and adiponectin receptors) category [93]. It activates inhibitory
G protein subunit (Ga;), suggesting that they are GPCRs. However, PAQRs more
closely resemble proteins of the alkaline ceramidase family and they may possess
enzymatic activity. The GPCR and alkaline ceramidase modes of operation are not
necessarily mutually exclusive [93].

Membrane-bound progesterone receptor localizes to human aortic endothelial
cells, hepatocytes, brain cells, granulosa cells, and spermatozoa, as well as the
mammary gland and ovary [92]. The nongenomic progesterone actions regulate
relaxation of intestinal and uterine smooth muscle [92].

Among other effects, progesterone supports ovulation, mammary gland develop-
ment, and establishment and maintenance of pregnancy. It:

» Inhibits secretion of the pituitary gonadotropins luteinizing (LH) and follicle
stimulating (FSH) hormones;

* Induces protein synthesis and hypertrophy in cardiomyocytes;

* Modifies intracellular calcium concentration, provoking a rapid influx of extra-
cellular calcium in T cells, but attenuating the cytosolic calcium concentration in
myometrial cells and vascular smooth myocytes;

¢ Provokes ovulation;
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Table 1.24 Uterine secretions (Source: [94]). Predecidual cells secrete numerous substances that
can have a nutritious, metabolic, or immunosuppressive function

Hormones and growth factors | Prolactin, relaxin, renin FGF1/2

Fertilization regulators PAEP

Neuropeptides B-endorphin, Leu-enkephalin

Growth factor partners IGFBP1/2, pappalysin-1 (PAPPa), IGF2BP3

Structural components Mucins, heparan sulfate proteoglycan, collagen-4, entactin,
fibronectin, laminin, integrins

Chaperones HSPb1

Immunity components Lactoferrin, uteroglobin

Miscellaneous Plasminogen activator, plasminogen activator inhibitor, diamine
oxidase, progesterone-dependent carbonic anhydrase

IGFBP insulin-like growth factor-binding protein, /GF2BP3 insulin-like growth factor 2 mRNA-
binding protein-3, PAPP pregnancy-associated plasma protein, PAEP progestagen-associated
endometrial protein

* Remodels the endometrium prepared by estrogens for embryo implantation, stim-
ulating its secretory and vascular activity, and then maintains the endometrium
thickening and decreases contractility of the uterine smooth muscle to prevent
spontaneous motions of the uterus;

e Strengthens the cervical mucus plug to prevent sperm penetration and infection;

* Decreases the maternal immunity to enable tolerance of the embryo.

» Stimulates the growth of breast, but impedes milk production during pregnancy;
and

¢ Maintains the placental function.

1.7.2 Uterus

Implantation of the fertilized egg is the very early stage of pregnancy. The blastocyst
adheres to the uterine wall.

Pregnancy depends on synchronized and successive events managed by commu-
nication based on nervous, local and remote (endocrine) hormonal, and immune
signals between mother and embryo and then fetus.

Uterine secretions nourish the preimplantation embryo, promote growth, and
prepare it for implantation. Proteins, glycoproteins, and peptides released by the
endometrial glands during pregnancy that regulate the timing and occurrence of the
appropriate sequence of events in the fertilization and promote a uterine environment
suitable for pregnancy are given in Table 1.24.

Pregnancy-associated protein comprises various electrophoretic proteic frac-
tion (B-lipoprotein, a2-macroglobulin, posttransferrin species, and albumin) in
early pregnancy. Progesterone is required for the development of decidual tissues.
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Table 1.25 Substances secreted by the blastocyst (Source: [94])

Immunoregulators CSF, TNFSF6, IL10/6/8, LIF, Ifny,
PGe,, PAF, HSPel
Peptidases MMP2-MMP3, MMPS-MMP11, MMP13
Serine peptidases
Growth factors and hormones CG, FGF, IGF2, TGFg, inhibins, E,
Miscellaneous Plasminogen activator and its inhibitors

CG chorionic gonadotropin, CSF' colony-stimulating factor, E, estradiol, EHRF embryo-derived
histamine-releasing factor, HSP heat shock protein, Ifn interferon, /L interleukin, LI/F leukemia
inhibitory factor, MMP matrix metallopeptidase, PAF platelet-activating factor, TNFSF tumor-
necrosis factor superfamily member

Progesterone-regulated proteins produced by the endometrial epithelium include
progesterone-associated endometrial protein (PAEP),? insulin-like growth factor-
binding protein IGFBP2, crystalloglobulin, uteroglobin, integrins, and type-1
mucins, as well as prostaglandins PGd, and PGf,, secreted by stromal cells such as
endometrial specialized fibroblasts [95].

Lipocalins are small extracellular proteins, many of which bind small hydropho-
bic molecules, such as retinol and steroids. Among members of the lipocalin family,
progestagen-associated endometrial protein is a glycoprotein mainly synthesized in
secretory decidualized endometrial glands after progesterone exposure [96]. Many
distinctly glycosylated forms exist. Glycosylation dictates the PAEP activity. Some
of the alternatively spliced mRNAs lack the sequences encoding glycosylation
sites and/or the lipocalin signature motif. Insulin-like growth factor-binding pro-
tein IGFBP1,?® is also synthesized by the decidualized secretory endometrium.
Progesterone stimulates its secretion [97].

1.7.3 Blastocyte

Embryomaternal communication that relies on various secreted molecules enables
embryo implantation and maintenance. The attachment between the uterine luminal
epithelium and the blastocyst trophectoderm is followed by stromal decidualization
and luminal epithelial apoptosis at the site of blastocyst implantation.

Numerous substances are liberated by the blastocyst (Table 1.25). Immunoregu-
lators prevent rejection. Serine peptidases and metallopeptidases allow invasion of
the trophoblast into the endometrium. Chorionic gonadotropin serves as an autocrine
growth factor.

27 Also known as glycodelin, placental protein PP14, and pregnancy-associated endometrial o2-
globulin (PAEG).

28 Also known as placental protein PP12.
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Embryo-derived histamine-releasing factor (EHRF),” is a secretagogue for
colony-stimulating factor CSF2 and tumor-necrosis factor TNFSF1 by uterine mas-
tocytes during the preimplantation period [98]. Histamine-releasing factor functions
as a growth-regulating guanine nucleotide-exchange factor for the RHEB GTPase
implicated in the TSC1/2-TOR pathway, a guanine nucleotide-dissociation inhibitor
for the elongation factors EFla, a small GTPase, and EF1bg, a guanine nucleotide-
exchange factor, and an antiapoptotic protein, as it inserts into the mitochondrial
membrane and prevents BAX dimerization [99].

Histamine is implicated in ovulation, blastocyst implantation, placental blood
flow regulation, lactation, uterine contractile activity, and pregnancy maintenance.
The uterine histamine interacts with the embryonic H, receptor.

1.7.4 Placenta

The placenta,*” the origin of which is mostly fetal, invades maternal uterine wall early

in pregnancy and release hormones and other factors to reprogram maternal organ

function, in particular changing cardiac metabolism and hemodynamics. Maternal

metabolism is also modified to support requirements of embryo- and fetogenesis.
The placenta is a fetomaternal organ with two compartments:

1. The fetal placenta, the chorion,’' the innermost membrane surrounding the em-
bryo, which develops from the blastocyst that forms the embryo and then fetus;
and

2. The maternal placenta, the decidua,?? athick layer of modified mucous membrane
that lines the uterus during pregnancy, which develops from the maternal uterus
and is shed after birth.

The amnion?® is the innermost membrane of the extraembryonic membrane that
envelops the embryo and contains the amniotic fluid.

29 Also known as translationally controlled tumor protein (TCTP) and fortilin. It is also implicated in
late-phase allergic reactions and chronic allergic inflammation. It can stimulate histamine release and
interleukins IL4 and IL13 production from IgE-sensitized basophils and mastocytes. It is secreted
by macrophages among other cell types. Mastocytes and basophils are major effector cells for IgE-
dependent allergic inflammations. These cells secrete preformed proinflammatory mediators (e.g.,
histamine, nucleotides, peptidases, and proteoglycans) as well as de novo synthesized lipids (e.g.,
leukotrienes and prostaglandins) and polypeptides (e.g., cytokines and chemokines). HRF dimers
and oligomers interact with IgE, crosslink IgE to the high affinity receptor for IgE (Fce R1), and
can launch asthma [100].

30 mhakag: floor; Thakt ov: small slab; Thakig: couch, sofa, divan; mhakavg: flat cake. Latin
placenta: cake.

31 i opt ov: membrane that encloses the foetus.

32 Latin decido (deciduus/a/um): fall (fallen); cut in slice, detach.

3 apvoc: ewe lamb.
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Table 1.26 Placental hormones and neuromediators (Source: [94]))

Peptidic hormones CRH, GnRH, GHRH, TRH, TSH, CG, CSH1/2, GH2, inhibins,
PTHLH, somatostatin

Neuropeptides Neuropeptide-Y, neurotensin, substance-P

Steroid hormones Estrone, estradiol, estriol, progesterone

CG chorionic gonadotropin, CRH corticotropin-releasing hormone, CSH chorionic somatomam-
motropin hormone, GH growth hormone, GHRH growth hormone-releasing hormone, GnRH
gonadotropin-releasing hormone, PTHLH parathyroid hormone-like hormone, TRH thyrotropin-
releasing hormone [thyroliberin], 7SH thyroid-stimulating hormone [thyrotropin]

In addition to its role in transferring molecules between mother and fetus, the
placenta is a major endocrine organ (Table 1.26). It synthesizes numerous types of
hormones and cytokines that influence ovarian, uterine, and mammary, as well as
fetal functions.

1.7.4.1 Placental Steroid Hormones

The placenta produces both progesterone, the pregnancy hormone involved in es-
tablishment and maintenance of pregnancy, and estrogens during pregnancy. The
concentration of these hormones rises during pregnancy.

The major estrogen produced by the placenta is estriol from 16-hydroxydehy-
droepiandrosterone sulfate ([160H]DHEAS), an androgen steroid. The placenta pro-
duces pregnenolone and progesterone from circulating cholesterol. Pregnenolone
is converted in the fetal adrenal gland into dehydroepiandrosterone (DHEA), sub-
sequently sulfonated to dehydroepiandrosterone sulfate (DHEAS). The latter is
converted to [l60H]DHEAS in the fetal liver and adrenal glands.

Progesterone enriches the uterus with a vascular network to support the growing
embryo and then fetus.

1.7.4.2 Placental Peptidic Hormones

Chorionic Gonadotropin Placenta proteic hormones include chorionic go-
nadotropins produced by the syncytiotrophoblast that generates the placenta. The
human chorionic gonadotropin (hCG), the signal for maternal recognition of preg-
nancy, is produced by fetal trophoblast cells. It binds to the luteinizing hormone
receptor on cells of the corpus luteum, thereby precluding luteal regression.

This glycoprotein is composed of 237 amino acids is a heterodimer composed
of an a subunit similar to luteinizing (LH), follicle-stimulating (FSH), and thyroid-
stimulating (TSH) hormone, and B subunit.

It interacts with the LHCG receptor of the blastocyst and promotes the mainte-
nance of the corpus luteum during the beginning of pregnancy. The corpus luteum
secretes progesterone during the first trimester.
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Growth Hormone and its Related Hormones The cluster of genes located on
chromosome 17q22-24 encodes the human growth hormone (hGH). It contains five
highly related genes. From 5’ to 3’ end, they encode:

1. GHI (somatotropin), or (h)GHn ([human] growth hormone normal) expressed
by somatotropes in the anterior pituitary;

2. CSHLI1 (chorionic somatomammotropin hormone-like-1 hormone), also known
as (h)CSL ([human] chorionic somatomammotropin-like hormone);

3. CSHI1 (chorionic somatomammotropin hormone-1), also known as (h)PL ([hu-
man] placental lactogen) and (h)CSa ([human] chorionic somatomammotropin-
A);

4. GH2 (placental growth hormone-2), or (h)GHv ([human] growth hormone
variant), also called chorionic somatotropin; and

5. CSH2 (chorionic somatomammotropin hormone-2), also known as (h)CS2
([human] chorionic somatomammotropin-2) and (h)CSb ([human] chorionic
somatomammotropin-B).

These five genes are expressed according to a mutually exclusive tissue distribution,
GHI1 in pituitary somatotropes and the four remaining genes in placental villous
syncytiotrophoblasts.

The genes of the GH cluster have a developmentally coordinated pattern of expres-
sion, but differ in their tissue distribution-dependent expression, levels of expression,
and patterns of alternative splice-site selection [101].

The predominant splicing pattern shared by Gh1, Gh2, Cshl, and Csh2 transcripts
involves the ligation of five common exons. Some pituitary Ghl transcripts use an
alternate splice-acceptor site in exon 3. The Gh2 transcripts can undergo an alternative
splicing in which intron 4 is retained in the processed transcripts; they produce GH2v2
isoform. The Cshll pseudogene splicing happens between exons 2 and 3.

The parallel rise in circulating concentrations of CSH1 and GH2 during gestation
may reflect placental growth or increase in gene expression. The elevation in GH2,
CSHI, CSH2, and CSHL1 levels between 8 and 20 weeks is followed by a plateau
until term [101].

Placental lactogen (or chorionic somatomammotropin; 191 amino acids) secreted
by the syncytiotrophoblast is related to prolactin and growth hormone. It modifies
the metabolic state of the mother during pregnancy to facilitate the energy supply of
the fetus. It may participate in the mammary gland development prior to parturition.

Its metabolic effects encompass:

* Reduction of maternal insulin sensitivity;
¢ Attenuation of maternal glucose utilization; and
* Elevation of lipolysis and release of free fatty acids.

It has similar actions to those of growth hormones, but much weaker.

Relaxins Relaxin acts synergistically with progesterone to maintain pregnancy. It
relaxes pelvic ligaments at the end of gestation. It is produced by either the placenta,
the corpus luteum, or both, according to mammalian species.
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The relaxin-like peptide family belongs in the insulin superfamily. It comprises
seven members (relaxins Rln1-RIn3 [H1-H3] and insulin-like peptides InsL3-
InsL6). They are produced not only by the corpus luteum and breast, but also, during
pregnancy, by the placenta (chorion and decidua).

In humans, relaxins Rln1 to RIn3 are composed of two chains (a—), as in insulin.
Relaxin-3 binds to and activate Rlnl, but not RIn2, in vitro [103]. In women, the
RLN2 gene is expressed in the corpus luteum, endometrium, placenta, and breast,
whereas the RLN1 transcript is detected in the placenta only [573]. The highest RIn2
level is measured in pregnancy and during the second phase of the menstrual cycle.

The relaxin/insulin-like family peptide GPCRs include four subtypes (RxFP;—
RxFP,). RxFP; can be coexpressed with RxFP; at least in some cell types. RxFP;
is significantly more produced in the decidua than in the amnion; it is expressed at
relatively low levels in the chorion [102]. The major splice RxFP; variant and RxFP,
are undetectable in the placenta and fetal membranes.

1.7.5 Global Metabolic Changes During Pregnancy

During early gestation, maternal metabolism focuses on anabolism in preparation
for the upcoming demands, as the metabolic need of the fetus is maximal in the third
final trimester.

Late in gestation, maternal metabolism becomes catabolic, bringing nutrients to
the rapidly growing fetus [104]. The delivery of nutrients to the placenta dictates the
rate of fetal growth. Glucose is the preferred substrate of the fetus.

The liver processes glycerol and, to a lesser extent, amino acids to synthesize
glucose for the fetus and consumes lipids, thereby generating ketones used by the
brain, muscle, and fetus. Adipose tissue releases fatty acids for consumption by both
the liver and muscle. The fetus incorporates amino acids, lipids, and glucose for its
growth as well as glucose for its energy need. The maternal basal metabolic rate rises
up at least to 60 % during the second half of pregnancy, reaching about 250 kcal/day
near term [104].

Nearly half of the energetic cost of pregnancy is taken from maternal adipose
tissue storage mainly built during the anabolic first half of pregnancy [104].

Glucose handling changes during pregnancy. Maternal insulin resistance develops
usually early in pregnancy to limit maternal glucose consumption and allow its
transfer to the fetus. A least 80 % decrease in insulin sensitivity can be observed
in the late stage of pregnancy [104].

Insulin resistance in the maternal liver increases gluconeogenesis by about 30 %.
Simultaneously, insulin resistance in muscle, the largest sink for glucose in the body,
limits glucose consumption by the mother. Insulin resistance in adipose tissue in-
creases lipolysis, providing fatty acids as an alternative fuel for maternal consumption
and glycerol as a preferred gluconeogenic substrate for the liver during pregnancy,
thereby preserving amino acids for fetal growth.
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The o chain of the hormone dimer human chorionic gonadotropin is first launched,
followed by human chorionic somatomammotropin hormone (CSH), placental
growth hormone-2, estrogen, progesterone, prolactin, and cortisol, all causing insulin
resistance [104]. The placenta also liberates numerous cytokines (e.g., TNFSF1),
among which many contribute to insulin resistance during diabetes. In addition,
elevated plasma level of fatty acids can also contribute to insulin resistance.

Molecular changes in the skeletal muscle are similar to those observed in diabetes:
binding by insulin is not altered, but phosphorylation of the insulin receptor decays
and inhibitory phosphorylation of IRS1 rises [104].

Insulin concentration rises during pregnancy from the second trimester and three-
fold in late pregnancy. Pregnancy influences the pancreatic p-cell secretion flux and
density (10-20 % increase due to cell hypertrophy and hyperplasia) [104].

Pregnancy generates an average transport between mother and fetus of 1kg of
proteins [104]. Amino acids are spared from gluconeogenesis in the liver, consump-
tion of branched chain amino acids decreases, and protein synthesis is elevated by
25 % in the third trimester.

Serum lipid levels increase during pregnancy. Triglycerides are elevated two to
four times, total cholesterol by 25-50 %, and LDL level by 50 %. The lipidic balance
shifts from lipogenesis in early gestation to lipolysis in late gestation with higher
turnover of glycerol.

Fatty acids become the chief source of maternal fuel during late pregnancy. Free
fatty acids liberated by lipolysis are processed in the liver. They are oxidized or
packaged as triglycerides in VLDLs. The high flux of fatty acids in the liver renders
pregnant women prone to ketosis. Placental lipoprotein lipase can provide lipids
from circulating lipoproteins for fetal use.

The growing fetus also appropriates other nutrients. Fetal red blood capsules
require iron (~ 500 mg during late gestation), necessitating at least a fivefold increase
in daily maternal absorption of iron. Hepcidin, which inhibits gut absorption of iron,
disappears completely in late pregnancy. The fetal skeleton becomes mineralized in
the last few weeks of gestation, requiring up to 300 mg/d of calcium near the term.
Maternal intestinal absorption of calcium increases.

1.7.6 Cardiac Metabolism Before and During Pregnancy

Uninterrupted cycles of cardiac contraction and relaxation require a high nutrient
input. As the ATP reserve is minimal and ATP turnover completes in approximately
every 10 s, the heart depends on a continuous energy supply. The heart uses different
types of energy substrates (carbohydrates, lipids, ketone bodies, and amino acids)
according to environmental conditions and substrate availability.

In normal conditions, the main myocardial fuel is mainly constituted by fatty
acids (~70 %) supplemented by glucose. Fatty acids and glucose arise via the
triglyceride and glycogen pools, respectively. Substrate catabolism converges on
the generation of acetylCoA in mitochondria via lipid f-oxidation and glycolysis.
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The PI3K-PKB2 pathway serves in glucose uptake, as it triggers the translocation
of glucose transporter GluT4 to the plasma membrane.

Various fatty acids bind to PPARa (nuclear receptor NR1c1) and stimulate tran-
scription of genes involved in fatty acid import (e.g., ScaRb3), transport into the
mitochondria (e.g., carnitine palmitoyltransferase CPT1b),** and B-oxidation (e.g.,
medium-chain acylCoA dehydrogenase [MCAD]).* Mitochondrial oxidative phos-
phorylation is coupled to cardiac contractile function. Other important transcriptional
regulators of metabolism are PPARY (nuclear receptor NR1c3) coactivator PGCla
and PGCI1p encoded by the PPARGCIA and PPARGCIB genes. In the heart,

34 Carnitine ©palmitoyltransferase (CPT) is a mitochondrial transferase enzyme involved in the
metabolism of palmitoylcarnitine into palmitoylCoA. Four CPT isoforms exist in humans (CPT1a—
CPTlc and CPT2). Carnitine palmitoyltransferases connect carnitine to long-chain fatty acids that
can then cross the inner membrane of mitochondria. Inside mitochondria, carnitine is removed and
fatty acids can be processed to produce energy. Carnitine palmitoyltransferase-1A is the hepatic
subtype. More than 20 mutations in the CPT1A gene severely reduce or eliminate the activity
of this enzyme. Fatty acids cannot enter mitochondria and be converted into energy. Fatty acids
accumulate in cells and damage the heart, brain, and liver. Moreover, reduced energy production
leads to hypoglycemia and hypoketosis. Three main types of CPT2 deficiency exist: alethal neonatal,
severe infantile hepatocardiomuscular, and myopathic form. The CPT1b subtype supports transfer
of long-chain fatty acylCoAs from the cytoplasm into mitochondria.

35 Fatty acids are an important source of energy for the body, especially during periods of fasting.
Fatty acids are transported into cells and then mitochondria, the energy-producing centers in cells, to
be catabolized. Fatty acid oxidation disorders constitute a category of inherited metabolic anomalies
that lead to an accumulation of fatty acids and a decrease in cell energy metabolism. Each fatty acid
oxidation disorder is associated with a specific enzyme defect in the fatty acid metabolism. Fatty
acid oxidation disorders (FAOD) include:

e Carnitine—acylcarnitine translocase deficiency (CACTD);

* Carnitine palmitoyl transferase type-2 deficiency (CPT2D);

e Carnitine palmitoyl transferase type-1A deficiency (CPT1AD);

* Carnitine uptake defect (CUD);

¢ Glutaric aciduria type-2 (GA2) or multiple acylCoA dehydrogenase deficiency (MADD);
* IsobutyrylCoA dehydrogenase deficiency (IBCD);

¢ Medium-chain acylCoA dehydrogenase deficiency (MCADD);

* Long-chain 3-hydroxyacylCoA dehydrogenase deficiency (LCHADD);

* Short-chain acylCoA dehydrogenase deficiency (SCADD);

¢ Medium- and short-chain “3-hydroxyacylCoA dehydrogenase deficiency (M/SCHAD);
¢ Trifunctional protein deficiency (TFPD);

* Very-long-chain acylCoA dehydrogenase deficiency (VLCADD).

Medium-chain acyl CoA dehydrogenase (MCAD) is one of four mitochondrial acylCoA dehydro-
genases that carry out the initial dehydrogenation step in the p-oxidation cycle. Its deficiency impairs
oxidation of dietary and endogenous fatty acids of medium chain length (6-12 carbons). It is an
autosomal recessive disorder of B-oxidation of fatty acids. Associated hypoglycemia results occur
from an inability to match gluconeogenic requirements during fasting despite activation of alternate
proteolysis. It causes cerebral edema and fatty liver, heart, and kidneys. It provokes sudden death
in infants, most often after periods of fasting or vomiting. Mitochondrial fatty acid p-oxidation
can be studied by incubating stable isotope-labeled fatty acid probes with human fibroblasts in
the presence of Lcarnitine [106]. The ratios of octanoylcarnitine to decanoyl- or decenoylcarnitine
appear specific of MCAD deficiency.
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PGCla overexpression increases mitochondrial genesis, B-oxidation, and expression
of genes involved in oxidative phosphorylation. The PGCla subtype binds to and
coactivates PPARs, estrogen-related receptors (nuclear receptor NR1b1-NR1b3),
and numerous other transcription factors, thereby coordinating multiple pathways
such as fatty acid consumption (largely via PPARs), mitochondrial genesis (via nu-
clear respiratory factors NRF1 and NRF2 [GABP] and NR3b1), and vascular density
(via NR3b1) [104].

During strenuous exercise, the heart predominantly utilizes fatty acids and lactate,
the blood concentrations of which are elevated. During exercise, the high lipoly-
sis rate in adipose tissue heightens circulating levels of triglycerides and free fatty
acids. Exercise stimulates AMPK that promotes GluT4 translocation to the plasma
membrane and hence glucose uptake, as well as glycolysis. Activated AMPK also
increases fatty acid import and oxidation, as it favors the translocation of the fatty
acid transporter ScaRb3.

During prolonged fasting, the heart and brain consume ketone bodies.

During pregnancy, cardiomyocytes increase and decrease utilization of fatty acids
and glucose, respectively. Cardiac metabolism is modified to accommodate both fetal
needs and augmented cardiac work.

The selected fuel used by the heart changes during pregnancy. Glucose utiliza-
tion declines early in pregnancy and is continuous (drops 75 % in late pregnancy).
Decayed glucose oxidation is not related to inhibited pyruvate dehydrogenase, the
activity of which remains normal. During pregnancy, GluT4 production diminishes.
In addition, nitric oxide, the production of which heightens, promotes fatty acid
uptake, instead of glucose uptake. Mediator isoform contribution may vary during
pregnancy. Attenuated PKB2 levels may depress glucose uptake, whereas elevated
PKBI level favors growth [104].

However, between-species difference can be observed. In pregnant dogs, glucose
oxidation in late pregnancy was less markedly reduced than that in rats. Anyway, the
generation of ATP in late pregnancy results almost exclusively from lipid utilization
in the heart exhibiting a relative insulin resistance.

Pregnancy affects the maternal hormonal milieu, increasing levels of estrogen,
progesterone, prolactin, and placental hormones. Many of these messengers cause
insulin resistance. In particular, estrogens augment cardiac fatty acid utilization, but
do not modify glucose metabolism.

1.7.7 Cardioprotective and Hypertrophic Pathways During
Pregnancy

The plasma calcium concentration varies during pregnancy. It is markedly higher in
the first and second trimester and lower in the third trimester with respect to nonpreg-
nant subjects. Calcium-activated phosphatase PP3 is involved in cardiac hypertrophy.
It dephosphorylates nuclear factor of activated T cells (NFAT) that then translocates
to the nucleus. During pregnancy, its concentration and activity rise in the early stage
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and diminish in the late phase [109]. Progesterone, but not estradiol, increases the
PP3 concentration as well as NFAT activity. Activation of PP3 in early pregnancy by
progesterone is required for adaptive cardiac hypertrophy. The PP3 stimulation leads
to ERK1, ERK2, and PKB activation. Progesterone induces cellular hypertrophy via
activated ERK1 and ERK2 kinases. On the other hand, reduced PP3 level and activity
in late pregnancy may result from estradiol [109]. Therefore, the regulation of PP3
activity in pregnancy differs from that in response to pressure overload. Pregnancy
is a physiological state with augmented oxidative stress related to high metabolic
turnover and elevated oxygen requirements. Oxidative stress can be, at least partly,
caused by activation of the SHC adaptor and impaired FoxO3a signaling. During
pregnancy, the heart undergoes a reversible adaptive enlargement in response to me-
chanical stress and chemical stimuli. The PI3K-PKB pathway activated by estrogens
and increased mechanical stimuli participates in cardioprotection during pregnancy.
Activation of the STAT3 pathway is aimed at protecting the heart. The STAT3 fac-
tor promotes myocardial angiogenesis and can mediate cardiomyocyte hypertrophy.
In addition, STAT3 protects the heart against oxidative stress, as it prevents over-
production of ROS by upregulating manganese superoxide dismutase [108]. Both
STAT3 and PGCla are needed in peripartum to protect the maternal heart from oxida-
tive stress and circulating antiangiogenic factors via overexpression of antioxidative
enzymes (e.g., ™SOD) and proangiogenic factors (e.g., VEGF) [107].

Mice lacking the STAT3 gene specifically in cardiomyocytes develop peri- and
postpartum cardiomyopathy after delivery. Two-third of STAT3-deficient mice died
after delivering their second litters [108].

The STAT?3 pathway is activated by prolactin produced by the pituitary gland. The
prolactin full-length 23-kDa form can be cleaved by cathepsin-D into a potent antian-
giogenic, proapoptotic, and proinflammatory 16-kDa fragment (Prl16). Prolactin-16
is a powerful destroyer of endothelium, thus decreasing cardiac capillary density. It
not only destroys the cardiac microvasculature but also reduces the cardiac function
and cardiomyocyte metabolism, even in the absence of pregnancy. In addition, this
fragment also prevents NOS3 activation. The decrease in PKB activity in the postpar-
tum maternal heart may result from the rapid decline in circulating estrogens and the
cardiac unloading after delivery. Postpartum PKB activation is detrimental for the
heart as it lowers antioxidative defense. In combination with low STAT3 levels, a high
PKB level favors cardiac inflammation and fibrosis in the postpartum heart [107].

1.7.8 Hemodynamic Changes During Pregnancy
1.7.8.1 Functional Cardiac Changes

Cardiac output increases by 20-50 % from gestational week 5, as the cardiac fre-
quency rises by 15-30 % from gestational week 5 and the stroke volume by 15-25 %
from gestational week 8 [104]. Elevated preload and contractility and reduced after-
load combine to magnify cardiac output. Cardiac work (commonly calculated by the
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product of cardiac output and afterload) is amplified, but only by 20-30 %, because
mean arterial pressure drops during pregnancy.

Cardiac mean oxygen consumption matched by an increased coronary blood flow
rises by about 15 % [104]. Cardiac nitric oxide synthase NOS3 activity is intensified
during pregnancy, hence supporting coronary arteriole dilation.

Both blood volume and red blood capsule mass increase, thereby amplifying the
preload, whereas afterload diminishes during pregnancy [104].

1.7.8.2 Structural Cardiac Changes

Pregnancy produces a normal volume overload in the maternal circulation due to
the demands of the growing fetus. In the last pregnancy trimester, all four chambers
and valves are enlarged. Atrial enlargement begins in early pregnancy and reaches
a maximum around gestational week 30. Left ventricular end-diastolic dimension
heightens at gestational week 24 by about 10 % [104]. The end-diastolic posterior
wall and septal thickness increase in the same proportion (eccentric hypertrophy).

The left ventricular mass elevates up to 50 % of the antepregnancy value with
a peak in the course of the third trimester. The morphological changes reverse to
antepregnancy values at postpartum month 6. Pregnancy-induced changes in leaflet
size of the mitral valve are associated with structural modifications of the collage-
nous matrix [105]. Small-angle light scattering assesses changes in internal fiber
architecture (degree of fiber alignment and direction). Collagen concentration rises
(16 %). Collagen fibers are less aligned with an 11.5° rotation of fiber orientation
toward the radial axis. The fibrosa thickens (53 %).

Peripartum cardiac remodeling is regulated by signaling pathways related to
MAPKSs, protein kinase-B, and nitric oxide synthase NOS3 [110]. In adult
female pregnant rats, the left ventricular mass, mass/volume ratio (0.7 & 0.02—
1.28 +0.02 g/ml), and ejection fraction (64 4+=3-74 =2 %) increase. Whereas the
left ventricular mass and mass/volume ratio return to their prepregnancy values in
postpartum, the ejection fraction is low (53 &£ 3%). Cardiac hypertrophy during preg-
nancy relies on downregulation of several antihypertrophic kinases (e.g., P3SMAPK,
JNK, and PKB) without change in ERK, a progrowth kinase [110].

1.7.8.3 Vascular Flow Variables

Blood flow increases in the uteroplacental circulation. Vascular resistance decreases
down to 30 % of the antepregnancy value at gestational week 8 due to the release of
vasodilators, such as nitric oxide and prostaglandins [104].

Expression of endothelial and myocardial nitric oxide synthase NOS3 is elevated
in the myocardium of pregnant rats and returns to control levels at 4 days after birth.
Nitric oxide is a major mediator of the vascular resistance fall. Activation of NOS3
by PKB is counteracted by ERK in some vascular beds [110].
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Systolic blood pressure usually remains unchanged, whereas diastolic blood pres-
sure initially decays, reaching its lowest value in the second trimester, and increasing
back to baseline during the last trimester. Consequently, the mean arterial pressure
initially lowers and augments at the end of pregnancy.

1.7.8.4 Delivery and Puerperium

During labour and delivery, hemodynamic fluctuations can be profound. Stroke
volume increases and, consequently, the cardiac output. Blood loss and resulting
anemia during delivery can further compromise the hemodynamic state.

The hemodynamic changes during the postpartum are mainly due to uterine con-
tractions and relief of caval vein compression. After pregnancy, a rapid reversal of
cardiac hypertrophy is possibly related to reduced preload. The left ventricular mass
returns to normal by 12-24 weeks postpartum.

The cardiovascular changes usually return to baseline within 3—4 weeks following
delivery, but sometimes are completely resolved only at week 12 after delivery.

MAPKSs (P38MAPK, INK, and ERK) support cardiac hypertrophy via the PI3K—
PKB pathway. In particular, ERK1 and ERK2 activated principally by mechanical
stretch and mitogenic stimuli regulate smooth muscle contraction, in addition to
promoting cardiac hypertrophy.

The expression of antihypertrophic kinases ( P38MAPK, JNK, and PKB) de-
creases during pregnancy and normalizes during postpartum, except JNK, the level
of which is higher than normal levels [110]. Activation of P38MAPK and JNK is
correlated with a lower left ventricular mass/volume ratio. The NOS3 concentration
is also higher than baseline levels in postpartum; NOS3 expression is upregulated at
14 days postpartum. Therefore, the rapid reversal of hypertrophy in postpartum is
accompanied with a delayed functional recovery.

1.7.9 Pregnancy-Associated Cardiac Diseases

Eclampsia®® is an acute life-threatening hypertensive complication of pregnancy.
It is associated with seizures and possibly coma (hypertensive encephalopathy) in
the absence of preexisting brain disorders. Women with preexisting hypertension,
diabetes, nephropathy, and thrombophilic diseases have a higher risk of developing
preeclampsia and eclampsia.

Placental hypoperfusion leads to hypersensitivity of the maternal vasculature
to vasoconstrictors that causes vasospasm and irrigation drop of maternal organs.
Adrenomedullin, a potent vasodilator, is produced in reduced quantities by the
placenta. Moreover, activation of the coagulation cascade induces microthrombus

36 ekhapc: brightness, here in the sense of sudden occurrence.
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formation, hence aggravating the hypoperfusion. Preeclampsia is associated with
marked elevations of circulating soluble VEGFR1, a decoy receptor and VEGF in-
hibitor, secreted from the late gestational placenta [104]. The heart is more vulnerable
during pregnancy. Cardiac ischemia and reperfusion injury damage the myocardium
atamuch greater extent. Late pregnancy and the postpartum period are also character-
ized by a higher blood coagulability. Peri- and postpartum cardiomyopathy (PPCM)
is another rare life-threatening cardiac complication of pregnancy with left ventricu-
lar systolic dysfunction occurring in the last month of pregnancy or the first 5 months
postpartum. Prolactin (Prl) is a ubiquitous and pleiotropic hormone. This pituitary
hormone is a 23-kDa protein. It experiences posttranslational modifications (glyco-
sylation and phosphorylation and proteolytic cleavage). Its synthesis and secretion
are regulated by inhibitors and activators. Prolactin-releasing factors (PRF) include
thyrotropin-releasing hormone, vasoactive intestinal peptide, and serotonin; pro-
lactin release-inhibiting factors (PIF) comprise dopamine. Prolactin is produced in
increasing amounts during pregnancy and suckling. It acts primarily on the mammary
gland, where it triggers and maintains lactation in the postpartal period.

This late-gestational nursing hormone can be aberrantly cleaved in several tissues
(myocardium, retina, and mammary gland) by peptidases (e.g., cardiac cathepsin-D)
upon oxidative stress into the Prl16 fragment (Sect. 1.7.7). Plasma levels of cathepsin-
D and Prl16 are elevated in PPCM patients. In addition, Prl16 causes vascular
secretion of miR 146a that decreases metabolic activity, or even triggers apoptosis in
adjoining cardiomyocytes. Circulating levels of miR146a are markedly elevated in
PPCM women [104].



Chapter 2
Context of Cardiac Diseases

In addition to aging, lifestyle, and environmental conditions, numerous structural
and functional changes can alter the cardiovascular function. Health management is
aimed at preventing or, at least, attenuating evolution rate by targeting risk factors,
that is, supporting healthy eating and exercise and avoiding smoking tobacco, as well
as screening populations at risk.

Research is thus devoted to: (1) discover the genetic causes of congenital heart
diseases; (2) find new functional indices and exploration techniques for early di-
agnosis; (3) prevent evolutive complications; and (4) improve therapy using new
efficient drugs with limited side effects and optimized medical devices and surgical
procedures, of diseases of the heart and vasculature as well as the lung and blood,
including sleep disorders.

2.1 Frequency of Cardiac Diseases

Cardiovascular diseases are the leading causes of death in rich countries that provoke
about 12 million deaths per year worldwide. They account for more than half of all
deaths in Europe of people over 65 years old. They are responsible for 33 % of all
deaths in France. In France, about 4 people in every 10,000 die prematurely from
heart disease, about 13 in every 100,000 from ischemic cardiopathies, and about 7 in
every 100,000 from stroke. The rate can be increased by a factor 6 or more in other
European countries.!

The largest contribution comes from coronary heart disease that can be, at least
in some countries, responsible for approximately 1 in every 5 deaths in men and 1
in every 6 deaths in women.

Cardiac pathologies remain the number one cause of death from congenital mal-
formations in infancy (45-50 % of postnatal deaths due to congenital anomalies).

! Sources: Cité de la Science in Paris and European Health Status publication of the European
Commission.

© Springer International Publishing Switzerland 2015 99
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The majority of congenital heart defects arise from abnormal development of the
valvuloseptal compartment.

Heart failure results from leakage or narrowing of heart valves (i.e., valvular
insufficiency and stenosis), cardiac contractility insufficiency, disturbed electrical
activation of the myocardium by the nodal tissue, among other causes.

2.2 Modeling of Cardiac Diseases

Two major arterial pathologies encompass aneurysms and stenoses due to atheroscle-
rosis, which have been targeted by physical and mathematical modeling.

The major objective of validated computational models is to describe evolving
quantities of interest, display fields of mechanical variables, demonstrate the role of
governing parameters, and to predict short- and long-term behavior.

Animal models are aimed at understanding physiological and pathological pro-
cesses, exhibiting factors involved in complex biological processes at various length
scales, via histological and immunohistochemical analyses and genetic approaches,
and evaluating drug effects, hence, improving therapeutic strategies. For example,
apolipoprotein-E (ApoE)~™ and low-density lipoprotein receptor (LDLR)™ mice can
develop atherosclerosis both with and without high-fat feeding, hence their selection
as a representative model of human situation. However, lesions that develop over a
period of weeks do not mimic accurately those that evolve over decades in humans,
in particular fibrous plaques as well as lesions with calcification, ulceration, hem-
orrhage, and/or thrombosis. Whatever the animal species, some mediators can lack
or intervene at a different concentration. Therefore, the process in a given species
can vary in comparison with that in another species. For example, cholesteryl es-
ter transferase exists at a much greater level in humans than in mice. Conversely,
HDL concentration is higher in mice than humans. In any case, all models are a
simplification of the reality.

2.3 Risk Factors

Genetic and environmental risk factors contribute to the variability in disease suscep-
tibility for cardiovascular diseases. The occurrence of cardiovascular diseases also
depends on the subjected pathophysiological ground and habits.

The two most important risk factors are smoking addiction and abnormal ratio
of blood lipids (@polipoprotein-B/apolipoprotein-A1l ratio). In fact, major cardio-
vascular risk factors include diabetes, hypertension, obesity, and the familial context
(family members with heart diseases), in addition to hypercholesterolemia and smok-
ing. Minor cardiovascular risk factors are age, high-stress job, sedentary habits, lack
of daily consumption of fruits and vegetables, and high resting cardiac frequency
(~1.25 Hz [75 beats/min]).
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Table .2.1 Age score. Age Point

(Framingham point score;

Source: National Institutes of Men Women

Health—National Heart, 20-34 -9 —7

Lung, and Blood Institute) 3539 1 3
40-44 0 0
45-49
50-54 6 6
55-59 8 8
60-64 10 10
65-69 11 12
70-74 12 14
75-79 13 16

The Framingham risk scores for men and women (Tables 2.1-2.5) are aimed at
estimating the 10-year cardiovascular risk of an individual, more precisely, devel-
opment of coronary heart diseases within the next decade in particular from plasma
concentrations of lipids (total cholesterol and HDL—cholesterol [mg/dl]), value of
the systolic blood pressure, and smoking habit. In fact, the LDL score is a better
index than HDL and triglyceride scores [111].

2.3.1 Lifestyle

Lifestyle plays a major role in the prevention of complications of numerous chronic
diseases. Although epidemiology does not give proof for the existence of a cause-
and-effect relation, but provides statistical links between an investigated disease and
explored parameters.

2.3.1.1 Inactivity
Inactivity can diminish life expectancy because it influences aging and predisposes to
aging-related diseases. In particular, arelation was found between leukocyte telomere

length and physical activity.

Table 2.2 Smoking habit score. (Framingham point score; Source: National Institutes of Health—
National Heart, Lung, and Blood Institute)

Points
20-39 | 4049 |50-59 | 60-69 |70-79 |20-39 |40-49 |50-59 |60-69 |70-79
NS |0 0 0 0 0 0 0 0 0 0
S |8 5 3 1 1 9 7 4 2 1

NS nonsmoker, S smoker
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Table 2.3 Systolic blood Systolic BP Men Women
pressure (BP) score

(Framingham point score;
Source: National Institutes of <120 0 0 0 0
Health—National Heart,

(mmHg) Untreated | Treated | Untreated | Treated

Lung, and Blood Institute) 120-129 0 ! ! 3
130-139 1 2 2 4
140-159 1 2 3 5
> 160 2 3 4 6

Moreover, combined to overnutrition, sedentary life causes obesity. Normal val-
ues of the body mass index, the ratio between the weight (kg) and the square height
(m), range between 18.5 and 25. A value between 25 and 30 means moderate
overweight; greater than 30, obesity. Obesity associated with adipose tissue dys-
function, characterized by infiltration of inflammatory cells and aberrant production
of adipokines, yields an increased risk for metabolic and cardiovascular disorders,
especially insulin resistance.

Sedentary lifestyle is associated with impaired endothelial functions exhibited
by elevated plasma levels of endothelial microparticles [112]. Months of bed rest
increase markers of endothelial dysfunction, such as circulating endotheliocytes
and endothelial microparticles, which are released from the membrane of activated,
injured, or apoptotic endothelial cells (Vol. 8—Chap. 5. Adverse Wall Remod-
eling), as well as impaired endothelial vasodilatory capacity (reduced cutaneous
acetylcholine-induced vasodilation) [112].

2.3.1.2 Diet

Diet recommendations aimed at optimizing lipid and lipoprotein profiles, blood
pressure values, glycemia, and body weight, currently rely on the consumption
of plant-based foods, vegetables and fruits, and beverages that contain essential
nutrients, such as vitamins (e.g., vitamin-B, -C, and -E ), potassium, and magnesium,

Table2.4 Total cholesterol score. (Framingham point score; Source: National Institutes of Health—
National Heart, Lung, and Blood Institute)

Points
Men Women
Age 20-39 |40-49 |50-59 |60-69 |70-79 |20-39 |40-49 |50-59 |60-69 |70-79
<160 0 0 0 0 0 0 0 0 0 0
160-199 |4 3 2 1 0 4 3 2 1 1
200-239 |7 5 3 1 0 8 6 4 2 1
240-279 |9 6 4 2 1 11 8 5 3 2
>280 11 8 5 3 1 13 10 7 4 2
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Table .2.5 HDL.score. HDL (mg/dl) Points

(Framingham point score;

Source: National Institutes of Men Women

Health—National Heart, >60 -1 -1

Lung, and Blood Institute) 50-59 0 0
40-49 1 1
<40 2 2

and healthy phytochemicals, such as flavanols, a subset of flavonoids.? In addition,
vegetables and fruits have a low lipid and high fiber content, as well as an adequate
sodium/potassium ratio.

Long-chain polyunsaturated w3-fatty acids such as docosahexaenoic acid (DHA)
that abound in oily fish (e.g., anchovy, herring, mackerel, and salmon) protect the
immune, nervous, and cardiovascular systems. In vascular smooth myocytes, DHA
(but not its ethyl ester derivative) directly, rapidly, potently, and reversibly activates
large-conductance, voltage- and Ca’>*-activated K* channels (BK or K¢,1.1)? that
acts as a vasodilator, thereby lowering blood pressure [113]. The BK channel is
activated by intracellular Ca?>* and depolarization. It keeps the membrane hyperpo-
larized (negative feedback on cellular excitability). This proteic complex operates as
a high-affinity receptor for DHA without needing Ca®>* ions. Lipid DHA is released
from the plasma membrane by G-protein-activated, Ca>*-dependent phospholipase-
A2. The concentration required to activate BK channel is about 20 times lower than
that needed to stimulate GPR120 involved in anti-inflammatory action of DHA [113].

Ester-conjugated w3-fatty acids refer to esterification with ethanol (i.e., ethyl
esters) or with glycerol as triglycerides. Various w3 and w6-fatty acids as well as
their ethyl and glycerol ester derivatives have distinct effects on BK channels and
blood pressure when acutely applied. In particular, ethyl ester of DHA fails to reduce
blood pressure. Oral or parenteral administration of these products thus has different
clinical impact. In addition, the physiological response of healthy individuals and
patients to various types of fatty acids may differ appreciably.

Flavonoids Flavonoids share a common basic chemical structure. Important
flavonoid subsets encompass:

2 Flavonoids (Latin flavus: yellow [golden or reddish yellow]) constitute a set of plant ketone-
containing metabolites that comprise: (1) flavones derived from 2-phenylchromen 2-phenyl (1,4)-
benzopyrone; (2) isoflavonoids derived from 3-phenylchromen 3-phenyl (1,4)-benzopyrone; and
(3) neoflavonoids derived from 4-phenylcoumarine 4-phenyl (1,2)-benzopyrone. Flavanoids, a.k.a.
flavan-3-ols and catechins, are nonketone polyhydroxy polyphenol compounds that share with
flavonoids a 2-phenyl (3,4)-dihydro 2H-chromen 3-ol skeleton. Flavonoids (flavonols and flavanols)
may have antiallergic, anti-inflammatory, antioxidant, antimicrobial, and anticancer effects.

3 These channels are composed of the pore-forming Slo1 and an auxiliary subunit. DHA activates
vascular Slol—ggf1 and neuronal Slol-gkf4 channels [114]. Stimulation by DHA has a much
smaller effect on Slol—gkp2 and Slol-gky1 channels [114].
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* flavonols (e.g., kaempferol, myrestin, and quercetin [in onions]);

e flavanols (e.g., catechin and epicatechin [in cocoa, red wine, green tea, and
apples]);

* flavones (e.g., apigenin and luteolin [in peppers]);

* isoflavones;

* flavanones (e.g., eriodictyol, hesperetin, and naringenin [in oranges]); and

e anthocyanidines (e.g., cyanidin, delphinidin, malvedin, and pelargonidin [in
blueberries]), which are defined by the chemical residues attached to the basic
flavonoid structure.

Flavanols are monomers and procyanidins are oligomers of flavanols.

Major flavanol sources include green tea (up to 300 mg/infusion), red wine, cocoa
(up to 920-1220 mg/100 g), fruits, such as grapes, pears, berries, and especially
apples (up to 120 mg/200 g). However, the flavanol profile (e.g., ~catechin and
*catechin as well as ~epicatechin and tepicatechin) can vary considerably according
to the food type.

Most of the flavanols in foods exist as oligomers (procyanidins). Only monomers
and dimers are absorbed and rapidly metabolized. In plasma, ~epicatechin (5—
250 nmol) represents a minor part of total plasma flavanols (<3 pmol; short half-life)
[115]. Epicatechin metabolites include methylated, glucuronidated, and sulfated
adducts. Monomeric flavanols are further processed in the liver.

Endothelium-dependent (nitric oxide-mediated) vasodilation is related to the in-
take of flavanols in healthy subjects with cardiovascular risk factors (smoking,
diabetes mellitus, hypertension, and hypercholesterolemia) [116]. In addition to
the recovery of endothelial function, flavanol-rich diets improve insulin sensitivity,
decrease blood pressure, and reduce platelet aggregation [115].

Regular, moderate consumption of some red wine reduces the risk of coronary
heart disease. Red wines are sources of low levels of resveratrol and larger quantities
of procyanidins. Procyanidins constitute a subclass of flavonoids. These vasoactive
polyphenols lower blood pressure [117]. However, consumption of red wine alone
cannot explain the French paradox (low rate of cardiovascular mortality in France
despite high saturated fat consumption).

Chocolates and apples contain the largest procyanidin content (164.7 and
147.1 mg, respectively) with respect to red wine and cranberry juice (22.0 and
31.9 mg, respectively) [118]. However, the procyanidin content varied greatly
between apple species with the highest amounts in Red Delicious (average
207.7 mg/serving) and Granny Smith apple (average 183.3 mg/serving) and the
lowest amounts in Golden Delicious (average 92.5 mg/serving) and Mclntosh ap-
ple (average 105.0 mg/serving). Flavonoid-rich cocoas contain monomeric flavanols
(epicatechin and catechin) and oligomeric procyanidins formed from monomeric
units. Both monomers and oligomers support cardiovascular health.

Cocoa and, hence, dark chocolate contain various active compounds, such as
flavanols, theobromine, and caffeine, among others. The cocoa content varies greatly
between chocolates; the flavanol profile and content differ strongly between cocoas.
An inverse relation between flavanol-rich chocolate consumption and cardiovascular
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disease risk (myocardial infarction and stroke) was observed in a middle-aged (35—
65 years) German population of both sexes, without complications of cardiovascular
diseases at the time of enrollment [119]. In the group with the highest chocolate
consumption (7.5 g/d), both systolic and diastolic blood pressure are | mmHg lower
on average than that in the low-chocolate consumption group. The group with the
highest chocolate intake is also the group with the lowest vegetable diet.

Sulfides Excess salt intake over many years can lead to hypertension. On the other
hand, garlic consumption is correlated with the reduction of risk factors of cardio-
vascular diseases. Garlic is rich in organosulfur compounds.* Garlic-derived organic
polysulfides are converted by red blood capsules and vascular cells into hydrogen
sulfide [120]. The gasomediator hydrogen sulfide decreases blood pressure, protects
against ischemic reperfusion damage, and induces O,-dependent vasodilation.

Cheese and Fungus Metabolites Molded cheese, especially blue cheeses such
as Roquefort, may favor cardiovascular health due to the presence of metabolites
produced by Penicillium roqueforti of the Trichocomaceae set and other fungi, such as
andrastin-A to andrastin-D and roquefortine, which can prevent cholesterol synthesis
and bacterial growth [121].

Mediterranean Diet and Nitrofatty Acids The Mediterranean diet is characterized
by a high consumption of unsaturated fatty acids, especially from olive oil and fish
rich in oleic and linoleic acids, with vegetables rich in nitrite and nitrate, resulting
in endogenous formation of reactive nitrofatty acids. In particular, linoleic acid and
nitrite are major constituents of the Mediterranean diet that elevates concentrations of
thiol-reactive electrophilic nitrofatty acids. The acidic and low-oxygen environment
in the stomach enables an efficient nitration of such unsaturated fatty acids by nitrite.
Nitro-oleic acid (or 9- and 10-nitrooctadeca 9-enoic acid [NO,OA]) and other free
and esterified fatty acid nitroalkenes are formed at elevated levels when unsaturated
fatty acids are ingested together with a source of nitrite [123].

4 Allicin, the main organosulfur compound, is produced from amino acid alliin by alliinase
and rapidly decomposes mainly into diallyl sulfide, disulfide, and trisulfide, and ajoene. After
consumption, these compounds are rapidly metabolized.

3 The free radical nitric oxide can be added to unsaturated and hydroperoxy fatty acids. Nitrated fatty
acids result from the reaction of nitrogen dioxide with unsaturated fatty acids. The NO radical can
form, according to the local oxygen concentration, nitronitrite and nitroallyl derivatives as well as
lipid hydroperoxide. Nitrated derivatives of unsaturated fatty acids are formed under oxidative and
nitrative stresses. In biological tissues, nitrofatty acids are produced by nonenzymatic reactions not
only with NO* and NO3, but also with peroxynitrite (ONOO™). Nitrofatty acids lodge in membrane
phospholipids. Nitrated derivatives of arachidonic, eicosapentaenoic, linoleic, linolenic, oleic, and
palmitoleic acids and their nitrohydroxy derivatives (nitrohydroxy oleate, linoleate and linolenate)
can be also detected in human plasma and urine. In plasma, nitrofatty acids are free, bound reversibly
to thiol-containing proteins, and esterified (as cholesterol esters). In plasma, nitrofatty acids are
stabilized by incorporation into lipoproteins. Nitrofatty acids modulate macrophage activation,
prevent leukocyte and platelet activation, and promote vascular relaxation [122].
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The endogenous lipid electrophile nitro-oleic acid and other fatty acid ni-
troalkenes signal via pleiotropic mechanisms, such as activation of peroxisome
proliferator-activated receptor (PPAR)y (nuclear receptor NR1c3), the stress sensor
and NFE2L2 sequestrator Kelch-like erythroid cell-derived protein with CNC ho-
mology (EHC)-associated protein KEAP1,° and nuclear factor erythroid-derived-like
factor NFE2L.2-regulated antioxidant response genes, and inhibition of proinflam-
matory gene expression regulated by NFkB [123]. Nitrofatty acids also inhibit
lipopolysaccharide-induced cytokine expression and induce HO1 expression via
activation of NFE2L2-regulated gene expression. Therefore, electrophilic lipid
derivatives can control gene transcription that overall engenders an anti-inflammatory
response.

Nitroalkenes react with nucleophiles, such as cysteine and histidine in various tar-
get proteins. In particular, they target transient receptor potential (TRP) channels in
the central and peripheral nervous system [124]. Nitroalkene fatty acid derivatives can
activate TRP channels on capsaicin-sensitive afferent nerve terminals, leading to in-
creased smooth myocyte contractility via release of neuropeptides (neurokinins) and
activation of Cay1.2b channel. Nitro-oleic acid activates TRPA1 and TRPV1 chan-
nels in sensory neurons involved in neurogenic inflammation and pain induced by
noxious chemicals or thermal stimuli, thereby provoking calcium influx, membrane
depolarization, and firing. In addition, high concentrations of nitro-oleic acid sup-
press firing in dorsal root ganglion neurons, hence contributing to anti-inflammatory
effects.

Nitrofatty acids that can be detected in healthy human urine are produced at
heightened levels during metabolic stress and inflammatory conditions (from nmol
to wmol concentrations) [124].

Nitro-oleic acid is a member of the category of electrophilic nitroalkenyl fatty
acids formed by reactions between unsaturated fatty acids, nitric oxide (NO)- and
nitrite (NOy; )-derived nitrogen dioxide (NO,), these reactions being favored by the
prooxidative condition of inflammation. In addition, when pH is low enough (< 6)
to protonate NO, to nitrous acid (HNO,), this condition also yields the nitrating
species NO,. Therefore, nitrogen dioxide is both a product of oxidative inflammatory
reactions involving nitric oxide and nitrite and acidic conditions in the presence of
nitric oxide or nitrite. Similarly, nitroalkenes are produced by addition of the radical
nitrogen dioxide (NO3) to one or more of the olefinic carbons of unsaturated fatty
acids [123].

6 Tn unstressed conditions, NFE2L2 is permanently ubiquitinated by the Cul3—(KEAP1), protein—
ubiquitin ligase complex and rapidly degraded in proteasomes. The KEAP1 homodimer binds to a
single NFE2L.2 molecule. Upon exposure to electrophilic and oxidative stresses, KEAP1 is modified
and its ubiquitin ligase activity declines, thereby stabilizing NFE2L2 to induce cytoprotective gene
transcription.
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Linkage of electron-withdrawing nitro group to alkenyl groups confers a potent
and reversible electrophilic reactivity to fatty acids. Fatty acid nitroalkenes can mod-
ify proteins covalently, thereby associating metabolic and redox signaling with the
posttranslational regulation of target proteins.

Lipidic electrophiles mediate antihypertensive signaling, as they connect to sol-
uble epoxide hydrolase (sEH; at Cys521 proximal to its catalytic site), thereby
precluding its activity, especially hydrolysis of its vasoactive substrates epoxye-
icosatrienoic acids (EET) [123]. EETs are metabolites of arachidonic acid processed
by cytochrome-P450 epoxygenase. They are hydrolyzed into corresponding dihy-
droxyepoxyeicosatrienoic acids (DHET) by sEH. Upon sEH inhibition, EETs accu-
mulate and provoke vasodilation, hence lowering blood pressure. The EET/DHET
ratio is elevated in plasma.

Vasodialation is unaffected by inhibition of soluble guanylate cyclase. Nitro-
fatty acids not only relax vascular wall, but also attenuate platelet activation and
inflammation via a cGMP-independent mechanism [123].

Ketone Bodies Ketone body and anaplerotic metabolisms have been introduced in
Vol. 6, Chap. 3. Cardiovascular Physiology.

Ketone Bodies in Cardiovascular Diseases Defective ketone body synthesis and
catabolism are pathogenic factors. Conversely, some diseases disturb ketone body
metabolism. Hepatic ketogenesis is suppressed at later stages of hyperinsuline-
mic obesity [125]. Ketone bodies participate in the regulation of mitochondrial
metabolism, energetics, and ROS production.

Impaired cardiac energetics cause cardiomyopathy. Conversely, cardiomy-
opathies are associated with changes in energetic metabolism. In dilated and
hypertrophic cardiomyopathies, the contribution of ketone bodies to cardiac en-
ergetics is augmented [125]. Decayed myocardial ketone body oxidation causes
pathological outcomes.

In addition, hepatic ketogenesis is reinforced and circulating ketone body con-
centration rises during the development of heart failure. Ketone body metabolism
may contribute to myocardial adaptation to ischemia—reperfusion injury, at least in
rodents [125].

Ketogenic Diet Ketogenic diet raises blood levels of cholesterol and free fatty acids
[125]. Anaplerotic 5-carbon ketone bodies and their precursor odd-chain fatty acids
are proposed for the treatment of long-chain fatty acid oxidation (LCFAO) disorders.
Ingestion of odd-chain fatty acids promotes hepatic C5-ketogenesis; f-oxidation of
odd-chain fatty acids yields propionylCoA, an anaplerotic substrate that, in the liver,
can also be packaged into C5 ketone bodies [125]. In extrahepatic cells, C5 ketone
bodies are oxidized by CoA transferase SCOT, hence regenerating propionylCoA.

Dietary Phosphate A deranged calcium—phosphate metabolism and elevated phos-
phate concentrations are correlated with reduced life expectancy and cardiovascular
events because of endothelial dysfunction, vascular calcification, and myocardial



108 2 Context of Cardiac Diseases

hypertrophy [126]. Phosphate intake (by ingestion) and phosphatemia are indices of
cardiovascular risk, not only in chronic kidney disease, but also in individuals with
intact renal function [127].

Sources of Dietary Phosphate Sources of dietary phosphate include: (1) phos-
phate additives, i.e., inorganic phosphate salts (i.e., sodium phosphate) that serve
as preservatives, flavor enhancers, color stabilizers, sweeteners, antioxidants, and
emulsifiers, and (2) natural phosphate (phosphoproteins, phospholipids, phosphate
esters, and phytates from milk products, fish, meat, and vegetables, respectively),
i.e., organic phosphates in unprocessed foods.

Intestinal absorption is regulated by calcitriol. Natural phosphates are not only
slowly and incompletely hydrolyzed but also slowly and incompletely (30-60 %)
absorbed in the digestive tract in the presence of adequate vitamin-D levels [126].
On the other hand, inorganic phosphate is absorbed in the gut in larger proportions
(80-100 %).

Calcium—Phosphate Metabolism and its Regulation Average western diets provide
a daily phosphate intake of 1000-1700 mg according to food composition. The
major determinant of plasma phosphate concentration is renal phosphate excretion;
phosphaturia balances oral intake and intestinal absorption. Calcium and phosphate
are regulated by parathyroid hormone (PTH), active vitamin-D, or calcitriol ([1,
25](OH),D3),” and fibroblast growth factor FGF23.

The major fraction of total body calcium localizes in bones, only a small part of
calcium circulates in plasma as free (ionized) calcium (50 %) and binds to proteins
(mostly albumin) as well as citrate, sulfate, and phosphate.

A reduced plasma Ca”* concentration rapidly provokes secretion of PTH that in-
hibits renal calcium excretion and stimulates renal hydroxylation of 250H-vitamin-D
to calcitriol. The latter triggers intestinal calcium absorption (Table 2.6). In addition,
calcitriol and PTH cause bone resorption by osteoclasts. Conversely, hypercalcemia
inhibits PTH secretion via parathyroid calcium-sensing receptors.

FGF23 The master regulator of renal phosphate handling is fibroblast growth factor
FGF23 liberated by osteocytes upon high calcitriol and phosphate levels, rather than
PTH. Factor FGF23 is mainly synthesized and secreted by osteoblasts stimulated by
calcitriol, PTH, and hyperphosphatemia.

Target cells of FGF23 comprise renal and parathyroid gland cells as well as car-
diomyocytes [126]. In the kidney and parathyroid glands, FGF23 interacts with
B-glucoronidase Klotho coreceptor. Membrane-bound Klotho selectively localizes

7 Humans regularly exposed to sunlight synthesize adequate concentrations of vitamin-D. Solar
ultraviolet-B waves convert 7-dehydrocholesterol to previtamin-D3 (or precholecalciferol), which
spontaneously isomerizes to vitamin-D3 (cholecalciferol). Otherwise, few food components con-
tain sufficient vitamin-D, such as fish liver, fatty fish, and egg yolks. Vitamin-D receptor lodges
in myocardial and vascular cells. Calcitriol represses the renin—aldosterone axis, causes insulin
secretion and sensitivity, prevents proliferation of vascular smooth myocytes and hypertrophy of
cardiomyocytes, and can exert immunoregulatory functions.
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Table 2.6 Calcium—phosphate metabolism. (Source: [127])

Organ Effect Regulators
Gut Ca* absorption Calcitriol (@)
Phosphate absorption Calcitriol ()
FGF23 (©)
Kidney Ca’* excretion PTH (©)
Hypercalcemia ()
Phosphate excretion PTH (®)
FGF23 (@)
Hyperphosphatemia ()
Calcitriol synthesis PTH ()
Hypercalcemia (©)
Hyperphosphatemia (©)
Bone Ca®t release PTH (&)
Calcitriol ()
Phosphate release PTH ()
Calcitriol (®)
PTG PTH secretion Hypercalcemia (©)
Hyperphosphatemia ()
Calcitriol (©)

@ stimulation, © inhibition, PTG parathyroid gland, PTH parathyroid hormone

to the kidney, parathyroid gland, and choroid plexus. The FGF23-Klotho dimer
binds to the fibroblast growth factor receptor, a receptor Tyr kinase, thereby causing
its autophosphorylation and triggering signaling via 3 major pathways: PI3K-PKB,
PLCy-PKC, and Ras-MAPK. Factor FGF23 regulates phosphate balance via ex-
pression of genes involved in PTH, vitamin-D, and phosphate metabolism. In
cardiomyocytes, FGF2 uses heparan sulfate proteoglycans as coreceptors, FGFR,
and primarily the Ras—-MAPK pathway, whereas FGF23 signals primarily via the
PLCy-PP3 pathway.

Factor FGF23 impedes calcitriol synthesis and promotes its degradation. It indeed
represses renal 1a-hydroxylase, hence the renal synthesis of calcitriol [126]. Proxi-
mal tubule cells of the nephron produce fibroblast growth factor receptors FGFR1,
FGFR3, and FGFR4, FGFRI1 being the predominant receptor for the FGF23 hy-
pophosphatemic action [128]. In the proximal tubule, FGF23 reduces production
and activity of 2 sodium—phosphate cotransporters NaPi2a and NaPi2c ( SLC34al
and SLC34a3), hence augmenting phosphaturia. In addition, FGF23 suppresses PTH
synthesis in the parathyroid glands.

Endothelial Dysfunction Even transient hyperphosphatemia, such as that during
the postprandial period, can cause endothelial dysfunction and imbalance between
nitric oxide and reactive oxygen species. Increased influx of phosphate via Na™—Pi
cotransporters leads to inhibitory phosphorylation of NOS3 synthase.
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Vascular Calcification Intake of calcium salts (acetate or carbonate) can lead to
calcium tissue deposition, in particular vascular calcification, even in the absence of
hypercalcemia. In the case of overload, calcium—phosphate crystals may dispose in
the vessel wall and myocardium.

High phosphatemia initiate osteogenic transdifferentiation, i.e., the evolution of
vascular smooth myocytes toward a osteochondrogenic phenotype, vascular smooth
myocytes differentiating into osteoblast-like cells [127]. Extracellular phosphate is
actively taken up by Na*—Pi cotransporters into the cell. Calcium ion stimulates
Na't-Pi cotransporter SLC34al on vascular smooth myocytes, thereby permitting
intracellular accumulation of phosphate ions.

After its uptake into vascular smooth myocytes, phosphate primes synthesis
of proteins involved in matrix mineralization and bone formation and downregu-
lates vSMC-specific transcription factors. Vascular smooth myocytes subsequently
evolve from a contractile into osteochondrogenic phenotype, and release membrane-
enclosed matrix vesicle-like structures (size 100—400 nm) from the plasma membrane
[127]. Furthermore, phosphate can induce apoptosis in vascular smooth myocytes,
which subsequently release apoptotic bodies. Moreover, Ca?* supports liberation of
matrix vesicle-like particles of living vSMCs and apoptotic bodies from apoptotic
vSMCs that act as nuclei for extracellular calcium—phosphate precipitation [127].
Calcium also reduces the expression of calcification inhibitors by vascular smooth
myocytes.

Mpyocardial Hypertrophy Elevated FGF23 levels cause maladaptive left ventricu-
lar hypertrophy via vascular stiffening and subsequent elevated cardiac afterload,
in addition to calcifications. Maladaptive cardiac hypertrophy results from the acti-
vation of the PP3—NFAT pathway [127]. Moreover, elevated phosphatemia triggers
secretion of FGF23 to raise phosphaturia, but in parallel activates cardiomyocytes,
thereby further exaggerating maladaptive cardiac hypertrophy. In addition, intake of
calcium supplements for bone protection against osteoporosis can cause myocardial
infarction [127].

Nutrition and Regulator Hormones The arcuate nucleus of the hypothalamus
controls the metabolic rate, hunger, and satiety. It contains two cell types: (1) hunger
NPY/AgRP? cell and (2) satiety POMC cell.” Ghrelin and leptin are two major
hormonal controllers of hypothalamic hunger and satiety cells. They are antagonistic
and complementary, responding to acute and chronic changes in energy balance.
Their effects are mediated by hypothalamic neuropeptides, such as neuropeptide-Y
and agouti-related peptide. Endocrine and nervous (vagal afferent) signals contribute
to actions of ghrelin and leptin.

8 NPY: neuropeptide-Y; AgRP: agouti-related protein homolog.
® POMC: proopiomelanocortin.
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The hunger hormone, ghrelin, a member of the motilin-related category of regula-
tory peptide'® and a ligand of the G-protein—coupled growth hormone secretagogue
(GHS) receptor,!! is a 28-amino acid hunger-stimulating hormone. In addition to
stimulating GH secretion and gastric motility, ghrelin wakes up appetite and induces
a positive energy balance with body’s weight gain. This orexigenic and adipogenic
peptide is produced mainly by endocrine P/D1 cells of oxyntic glands'? in the fun-
dus of the stomach and € cells of the pancreas. It circulates (plasma concentration
117 & 37 fmol/ml) and is conveyed to the hypothalamus where it activates hunger
cells and inhibits satiety cells. Although about 90 % of ghrelin is made in the stom-
ach, duodenum, and jejunum, it is also synthesized in the pancreas, pituitary gland,
kidney, and various regions of the brain such as hypothalamus.

The satiety hormone, leptin, is produced by adipocytes. Once it is liberated into
blood, it travels to the hypothalamus where it activates satiety cells and inhibits
hunger cells. High leptin concentrations in combination with high insulin levels
prevent ghrelin production. Low ghrelin concentrations render hunger cells hyper-
sensitive to ghrelin. On the other hand, high leptin concentrations cause insensitivity
to leptin of satiety cells. Obestatin, a preproghrelin-derived peptide, is a hormone that
stops the hunger sensation. This anorectic peptide is produced by ghrelin-producing
cells of the gastrointestinal tract. It antagonizes growth hormone secretion and food
intake induced by ghrelin [131].

Ghrelin improves memory and concentration. Moreover, ghrelin favors restorative
sleep and dreams that preclude leptin production.

2.3.2 Inflammatory Intestine, Gut Microbiome, and
Cardiovascular Disease

The intestinal barrier determines the nutrient uptake. The intestinal microbiota within
the alimentary canal influences the intestinal barrier and hence the nutritional and
metabolic status of the organism.

2.3.2.1 Intestinal Microbiota

The gut microbiome (1000-1500 bacterial species) interacts with the intestinal mu-
cosa and may affect the function of other organs, such as the heart, lung, and

19 Ghrelin and motilin are coproduced in the same cells in the duodenum and jejunum and stored
in all secretory granules in these cells before being cosecreted [129]. In addition, preproghrelin not
only gives rise to orexigenic ghrelin, but also obestatin, a ghrelin antagonist [130].

1 Ghrelin is a potent GHS, once it is processed by ghrelin Cacyl transferase.

12 Four types of endocrine cells, D, enterochromaffin (EC), enterochromaffin-like (ECL), and P/D1
cells, have been identified in the oxyntic mucosa. Major products stored in granules of D, EC, ECL,
and P/D1 cells are somatostatin, serotonin, histamine and uroguanylin, and ghrelin, respectively,
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lymphatic circuit [132]. Diet, bacterial composition of the environment, and host
genetics, influence the composition of the microbiome in a given subject.

The commensal biota provides numerous nutrients and small molecules. In ad-
dition, certain bacterial species such as Firmicutes contribute to a higher uptake of
molecules such as short-chain fatty acids. Moreover, these commensals contribute
to immunity, as it directly influences the cytokine production of epitheliocytes and
innate immunocytes.

Many acute and chronic disorders that affect the heart, such as obesity and
metabolic syndrome, are linked to inadequate postnatal microbiome acquisition
or environmental microorganism exposure during early childhood [132]. In obese
patients, the gut contains different bacterial species, especially Firmicutes. Trans-
plantion of the microbiome of obese mice in lean mice provokes a weight gain in the
absence of diet change (but the transplantation of the microbiome of lean mice into
obese mice does not engender a weight loss).

2.3.2.2 Oral Drugs and Alimentary Tract

The gut determines not only nutrient uptake but also absorption of drugs after oral
administration. Conversely, drugs influence the intestinal function. Macrolide antibi-
otics inhibit the cytochrome-P450 isozyme CyP3a that is constitutively expressed in
small intestinal villi and contributes to prehepatic metabolism of drugs [132]. Statins
are metabolized by CyP3a4 and CyP3a5, hence influencing their pharmacokinetics;
conversely, they increase CyP3a expression [132].

2.3.2.3 Altered Intestinal Barrier and Bacteria

An altered intestinal barrier with elevated permeability for bacterial products
(lipopolysaccharide, bacterial DNA with CpG motifs, and peptidoglycans [e.g., mu-
ramyl dipeptide]) can contribute to atherosclerosis and chronic heart failure. An acute
prominent inflammatory response to bacteria facilitates innate immune defense, but
can increase the risk of atherosclerosis. Microbial components (toxins and DNA) as
well as factors secreted by intestinal epithelial and dendritic cells can intervene in
the pathogenesis.

Conversely, impaired cardiac function in chronic heart failure impacts intestinal
microcirculation and can cause a barrier defect of the intestinal mucosa, thereby fa-
voring bacterial invasion. Toll-like receptor-4, the receptor for lipopolysaccharide of
Gram— bacteria, is expressed on cardiomyocytes and foam cells, among other cell
types. Once they are recognized by Toll-like receptors, microbial products signal
to neutrophils, activating NFkB and transcription of proinflammatory genes. Sin-
gle nucleotide polymorphism in the TIr4 gene replacing Asp299 with Gly (D299G)
and Thr399 with Ile (T399]) in TLR4 causes lipopolysaccharide hyporesponsive-
ness. These two genetic variants are linked to various infectious and noninfectious
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diseases.'3 Carriers of 1 or 2 alleles with TLR4 polymorphisms (Asp299Gly and
Thr3991le) are more susceptible to bacterial infections. In particular, patients with
the Asp299Gly TLR4 allele have lower levels of certain proinflammatory cytokines
(e.g., IL6), acute-phase reactants, and adhesion molecules. On the other hand, the
Asp299Gly TLR4 polymorphism that attenuates TLR4 signaling and inflammatory
response to Gram— bacteria decreases risk of atherosclerosis [134].

In addition, bacterial lipopolysaccharides can interact with low-density lipopro-
teins, hence influencing lipoprotein metabolism and contributing to the development
of atherosclerosis [132]. Furthermore, lipopolysaccharides damage endotheliocytes
and support the production and release of superoxide anions and the oxidation of
low-density lipoproteins.

2.3.2.4 Inflammatory Bowel and Risk for Cardiovascular Diseases

The intestine is associated with metabolic diseases. The autoimmune disorder of
the small intestine celiac disease and the regional immunity-related chronic enteritis
Crohn syndrome (caused by a combination of environmental, immune, and bacterial
factors in genetically susceptible individuals) disturb the absorption of nutrients
and drugs in the small intestine. In addition, celiac disease is characterized by a
decreased expression of some cytochrome-P450 isozymes such as CyP3a. Patients
with inflammatory bowel diseases have a higher risk for coronary artery disease,
despite a lower exposure to classical risk factors [132].

The metabolism by the gut flora of phosphatidylcholine that generates three
metabolites, choline, trimethylamine Noxide, and betaine, predicts risk for cardio-
vascular disease [132].

Patients with chronic heart failure, a state of chronic inflammation, have elevated
levels of soluble CD14 (shed from the plasma membrane), a component of the
bacterial lipopolysaccharide receptor. Chronic heart failure favors bacterial migration
through a congestive intestinal mucosa. The altered mucosal perfusion indeed raises
intestinal mucosal permeability, hence facilitating the penetration of bacteria and
their product. Lipopolysaccharides trigger catecholamine release by granulocytes
and phagocytes [132].

Moreover, CHF patients have morphological and functional alterations of the
intestine. The large bowel wall thickens. The mucosal permeability for the sugar
alcohol mannitol, nondigestible lactulose, and artificial sucralose increases in both
the small and large intestine [132]. The passive carrier-mediated transport for °xylose
lowers. In addition, the bacterial density in the sigmoidal mucosal biofilm and the
extent of their adherence heighten with respect to healthy subjects.

The small and large intestine is affected by hypoxia caused by chronic heart fail-
ure. Hypoxia raises sympathetic activity and production of inflammatory cytokines,

13 TLR4 polymorphism is not associated with the risk of developing asthma, but genetically
determined hyporesponsiveness to lipopolysaccharide can increase atopy severity [133].
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leukotrienes, and prostaglandins, thereby engendering intestinal dysfunction. In-
creased sympathetic tone and resulting vasoconstriction redistribute blood flow
away from the splanchnic circulation. Moreover, the venous stasis further increases
mucosal hypoxia [132].

2.3.3 Psychological Context

Depression, acute stress, phobia, and anxiety increase the probability of fatal coro-
nary heart disease. This psychological context favors inflammation induced by
secretion of cytokines by immunocytes. Myocardial infarction indeed has a strong
inflammatory component. Conversely, laughter, happiness, and self-esteem lower
the expression of some proinflammatory cytokines.

2.3.4 Smoking

Smokers have a two to threefold higher risk of developing arterial disease than
nonsmokers. Smokers have a higher risk to develop heart failure than ex-smokers
and nonsmokers. Ex-smokers have a 30 % lower mortality than smokers 2 years after
smoking cessation.

Nicotine, the addictive ingredient of tobacco, stimulates the sympathetic nervous
system, thus increasing blood flow rate, and causes endothelial dysfunction. Cardiac
frequency determines myocardial O, consumption. An increased resting cardiac
frequency reduces cardiac performance and ischemic threshold.

Nicotine also exaggerates postinjury intimal hyperplasia and contributes to the
formation of intracranial [135] and abdominal aortic aneurysm [136]. Smoking is a
major risk factor in abdominal aortic aneurysm, because of oxidation of serpin-Al
(or al-antitrypsin), which is carried by high-density lipoproteins at low levels in
dyslipidemia, among other factors.

Smoke exposure also provokes damage of nuclear and mitochondrial DNA.
Mitochondrial DNA damage can precede atherogenesis and, then, be exacer-
bated by impaired antioxidant activity [137]. Moreover, cardiac adenine nucleotide
translocase activity needed for ATP synthesis can decrease.

Smoking can contribute to endothelial dysfunction with a disturbed balance be-
tween nitric oxide and oxygen free radicals. Like hypertension, smoking alters the
expression of endothelins. Like hypertension, hypercholesterolemia, and oxidative
stress, smoking promotes NFkB activation. As with other cardiovascular risk fac-
tors (diabetes, dyslipidemia, hypertension, and renal disease), smoking is associated
with a decreased number and function of bone marrow-derived endothelial progenitor
cells, which participate in endothelial regeneration and angiogenesis. Smoking (1)
increases levels of proinflammatory compounds (e.g., tumor-necrosis factor-a and



2.3 Risk Factors 115

endothelial intercellular adhesion molecule-1), and reactive oxygen species, (2) de-
creases concentrations of anti-inflammatory, antioxidant HDL—cholesterol (HDL®),
which promotes reverse cholesterol transport, and adiponectin, and (3) activates
leukocytes and platelets.

Tobacco smoke elicits production of intra- and extracellular superoxide (O3~) as
well as peroxynitrite (ONOO™) and causes oxidation (inactivation) of nitric oxide
NOS3 synthase [138]. Smokers have a drop of endothelium-mediated vasodilation.

Proliferation of vascular smooth myocytes results from hypoxia, arterial injury,
and stimulation by angiotensin-2, which lead to activation of early growth response
EGRI1 factor [139]. Factor EGR1 stimulates transcription of proinflammatory genes,
such as those that encode the cytokines TNFSF1 and IL2, chemokine CCL2, and
adhesion molecule ICAM1, as well as expression of growth factors, such as FGF2,
PDGF, and TGFB, and tissue factor [140].

Proatherosclerotic and prorestenotic nicotine increases vascular smooth my-
ocyte proliferation via nonneuronal nicotinic acetylcholine receptors,'* ERK1 and
ERK2, and phosphorylated ELk1 factor, which in turn upregulates the EGR1
expression [139].

2.3.5 Resting Tachycardia

An increased, sustained resting heart frequency reduces cardiac performance.
Moreover, resting tachycardia is an accelerator of atherosclerosis development [141].

When the cardiac frequency is reduced, the sensitivity of the baroreflex increases
(Table 2.7). The baroreflex is aimed at short-term controlling sympathetic activity,
cardiac frequency and flow rate, as well as blood pressure via the vasomotor tone.

Activation of endothelial f2-adrenergic receptor raises endothelial cytosolic con-
centration of free calcium ion and NOS3-dependent NO production and release.
p1-adrenoceptor does not reside on endothelial cells [143].

Nitric oxide exerts a stronger effect on the regulation by the baroreflex of cardiac
frequency than on the renal sympathetic nerve activity aimed at regulating blood
volume to normalize arterial blood pressure.

2.3.6 Hypertension

Arterial hypertension is a major cardiovascular risk factor. Arterial blood pressure is
a complex genetic trait with heritability estimates of 30-50 %. Arterial hypertension
affects at least 25 % of adults in industrialized societies.

14 Among nicotinic acetylcholine receptors, which are pentameric ligand-gated ion channels, in
vascular smooth myocytes, the homomeric a7-nAChR possesses high Ca>* permeability and rapid
onset of desensitization.
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Table 2.7 Baroreflex. The processing nervous path from arterial baroreceptors in the carotid body
and aortic arch to the medulla, spinal cord, and blood vessel walls (sympathetic nerve activity;
Source: [142]). When arterial blood pressure increases, baroreceptors are activated and stimulate
the nucleus of the solitary tract (NTS) that activates the caudal ventrolateral medulla (CVLM), an
inhibitory medullary site, which, in turn, inhibits the sympathoexcitatory site rostral ventrolateral
medulla (RVLM), thus inhibiting the sympathetic branch of the autonomic nervous system via the
intermediolateral nucleus of the spinal cord (ILNSC), thereby decreasing arterial blood pressure.
Conversely, a low arterial blood pressure increases the sympathetic tone via disinhibition, i.e., ac-
tivation of the rostral ventrolateral medulla. The NTS also sends excitatory fibers to the nucleus
ambiguus (vagal component) that regulates the parasympathetic nervous system, assisting decreas-
ing sympathetic activity during hypertension. Baroreceptor activation thus inhibits the sympathetic
nervous system and stimulates the parasympathetic nervous system. The baroreflex maximizes ar-
terial blood pressure reduction, as it couples sympathetic inhibition and parasympathetic activation
in response to hypertension. Conversely, sympathetic activation coupled with parasympathetic in-
hibition enables the baroreflex to elevate arterial blood pressure in response to hypotension. Nitric
oxide reduces sympathetic nerve activity, hence modulating the sympathetic effect on arterial blood
pressure

Afferents and central processors

Arterial baroreceptors

Excitatory (glutamatergic) afferents neurons

Excitatory (glutamatergic) neurons of NTS

Inhibitory (gabaergic) neurons of CVLM

[ R O R S

Excitatory (glutamatergic) neurons of RVLM
Efferents
6 Sympathetic preganglionic (cholinergic) neurons of ILNSC

7 Sympathetic postganglionic (noradrenergic) neurons

8 Adrenergic receptors of vascular endothelial and smooth muscle cells

Adrenergic receptors of cardiac cells

Adrenergic receptors of renal cells

Arterial blood pressure (p, = Rgq)is controlled by peripheral vascular resistance
(R) and blood flow rate (¢)."> Vascular resistance depends on the vasomotor tone
under local and remote control. Blood flow rate depends on cardiac performance and
blood volume, itself related to salt content.

Constitutive and environmental factors that influence blood pressure include sym-
pathetic tone, dietary salt intake, alcohol consumption, age, body mass index, and
physical activity. Arterial hypertension depends in particular on the renal sodium
handling, steroid hormone metabolism, and mineralocorticoid receptor activity.

Treatment of hypertension involves numerous types of drugs. Blockers of -
adrenergic and angiotensin AT receptors abolish the action of adrenaline and

15 The pressure—flow relation is an Ohm-like law. In electricity, the Ohm law states that the current
(i) through a conductor between two points is proportional to the potential difference (1) between
these two points. The constant of proportionality is the resistance (4 = Ri).
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angiotensin-2. B-blockers inhibit f-adrenergic receptors, thereby decreasing cardiac
frequency and contractility. f-adrenoceptors initiate signaling cascades upon phos-
phorylation by AMPK, CamK?2, PKA, PKB, and TOR kinases. These enzymes target
in particular ion channels such as Ky 7.1 and transporters that mediate ion fluxes at
high cardiac frequency [144]. G-protein-coupled receptors that regulate myocardial
contractility are also substrates. Inhibitors of angiotensin-converting enzyme prevent
formation of angiotensin-2. Diuretics hinder increase in plasma volume. Calcium
antagonists treat vasoconstriction.

High salt intake raises blood volume and vascular smooth myocyte contraction,
thereby increasing heart load. Natriuresis with increased glomerular filtration and
inhibited sodium reabsorption restores normal osmotic pressure.

The midbrain produces natriuretic signals that operate via: (1) the adrenal gland,
which produces cardioactive steroids, and (2) the heart, which synthesizes atrial
natriuretic peptide.

The vascular smooth myocyte tone determines the total peripheral vascular
resistance and arterial blood pressure. Most forms of hypertension result from vaso-
constriction. Hormone levels increase in response to a high-salt diet. Hormone
binding to GPCRs located in caveolae of smooth myocytes with Nat—K* ATPase
triggers Ca?*-dependent and -independent pathways.

Calcium-dependent mechanism functions via Gg/11, PLCB, and IP3, thereby in-
ducing Ca®* release from intracellular stores and myosin light chain phosphorylation
by activation of myosin light chain kinase.

Calcium-independent process impedes phosphorylated myosin light chain degra-
dation via subunits of the G12/13 subclass, RhoGEF12 guanine nucleotide-exchange
factor,'® Rho GTPase, and RoCK kinase that inhibits myosin light chain phosphatase.
Phosphorylated myosin light chain allows myosin to interact with actin and generate
smooth myocyte contraction.

The dual regulation of myosin light chain phosphorylation using both signaling
cascades produces vasoconstriction. The Gg/11 pathway is responsible for the main-
tenance of basal blood pressure and intervenes in the development of salt-induced
hypertension [145]. The G12/13 subunit-primed pathway only yields salt-induced
hypertension. In response to sodium, hormones may bind to Nat—K* ATPase and
launch Ca* influx, as well as inhibit myosin light chain dephosphorylation via Rho
GTPase to prevent smooth muscle relaxation.

2.3.7 Diabetes

Diabetes mellitus,'” or simply diabetes, is a chronic disease associated with
hyperglycemia. Three types of diabetes mellitus exist. Type- I diabetes (a.k.a. insulin-
dependent and childhood-onset [juvenile] diabetes) in which the pancreas fails to

16 Protein RhoGEF12 is activated by the interaction of Gy, with Ga3 subunit.
17 8Lapntno: compass (Latin: diabetes).
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produce the proper amount of insulin, an hormone that assists glucose uptake by
cells to yield energy. This autoimmune disease is characterized by loss of insulin-
producing B cells of islets of Langerhans in the pancreas. Type-2 diabetes (a.k.a.
insulin-independent, obesity-related, and adult-onset diabetes) results from insulin
resistance, as cells do not respond to the insulin. Sometimes, it combines resistance
to insulin action, inadequate insulin secretion, and inappropriate glucagon secretion.
Gestational diabetes occurs when pregnant women develop hyperglycemia. Classical
symptoms include polyuria, polydipsia, and polyphagia. Long-term complica-
tions include microangiopathy, diabetic neuropathy, chronic renal failure, diabetic
retinopathy, and cardiovascular disease such as aggravated atherosclerosis.

Diabetes mellitus is also characterized by endothelial dysfunction. In gestational
diabetes, the adenosine—"arginine-nitric oxide pathway is activated [146]. Second
messengers involved in adenosine signaling include PKC, ERK1, and ERK2 that
activate “arginine ingress through SLC7al,'® but preclude adenosine import through
the SLC29al carrier.!® Subsequent extracellular accumulation of adenosine activates
the A,a receptor, increases transcription of the Nos3 and SLC7A1 genes, hence NO
synthesis. Cultured human umbilical vein endotheliocytes from gestational diabetic
pregnancies or subjected to hyperglycemia produce higher NO levels. However, the
NO-dependent downregulation of the SLC29A1 gene transcription lowers uptake of
vasodilatory adenosine [146]. Nitric oxide supports formation of the complex made
of DNA-damage-inducible transcript DDIT3, or CCA AT/enhancer-binding protein
(C/EBP) homologous protein-10 (CHOP or CHP10),%° and C/EBPu« factor [147].%!
In the nucleus, like the transcription factor Specific protein SP1 in hyperglycemia,
the DDIT3—-C/EBPua heterodimer represses Slc29al gene transcription (as well as
glucose transporter GluT4) [147].

2.3.8 Metabolic Syndrome

Metabolic syndrome is the set of risk factors that includes hyperlipidemia, hyperten-
sion, chronic inflammation, obesity, and type-2 diabetes; Vol. 8—Chap. 2. Metabolic
Syndrome). These perturbations that cause atherosclerosis result from failure to sense
and respond to metabolic cues properly.

18 A k.a. cationic amino acid transporter CAT1 and system y* basic amino acid transporter.

19 A k.a. equilibrative (nitrobenzylmercaptopurine riboside [NBMPR]-sensitive) nucleoside trans-
porter ENTI.

20 A k.a. growth arrest and DNA-damage-inducible protein GADD153.

21 Nitric oxide modulates expression and activity of transcription factors, such as CHOP-C/EBPa,
NFkB, GATA, Activator protein-1, and interferon regulatory factor IRF1 in endotheliocytes [147].
Nitric oxide represses Vcaml gene transcription via NFkB in human aortic and saphenous vein
smooth myocytes.
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Elevated circulating lipids, especially low-density lipoproteins, is a major risk
factor. Transfer of LDLs into the vessel wall and subsequent oxidation by intracellular
lipoxygenases or action of reactive oxygen species initiate atherogenesis.

The heart and blood vessels are surrounded by epicardial??> and perivascular adi-
pose tissues, respectively, which secrete numerous adipokines, or adipocytokines. In
addition to storage of energy, adipose tissue actually acts as a metabolic sensor and
endocrine organ that participates in the regulation of glucose and lipid metabolism
as well as insulin sensitivity, among other roles.

Adipokines function as endo- and paracrine messengers that support the adipocar-
diovascular axis, as they mediate interferences (crosstalk) between adipose tissue
depots, heart, and vasculature. Some adipokines are proinflammatory, others protect
the cardiovascular apparatus.

Adipokines secreted by adipocytes include: (1) hormones, such as adiponectin,
angiotensin-2, apelin, chemerin, hepcidine, leptin, omentin, resistin, retinol-binding
protein RBP4, vaspin, and visfatin; (2) chemokines such as CCL2; (3) cytokines,
either proinflammatory, such as interleukin-6 and tumor-necrosis factor-a, in addition
to IL1B, IL4, IL8, and IL.18, or anti-inflammatory such as interleukin-10; (4) serpins;
such as serpin-E1, or plasminogen activator inhibitor PAI1, and serpin-F1, or pigment
epithelium-derived factor (PEDF); (5) fatty acid-binding proteins (FABPs) such as
adipocyte FABP (aFABP, or FABP4); (6) lipocalin-2; and (7) adhesion glycoproteic
molecules such as thrombospondin-1.

Many adipokines, such as TNFSFI, resistin, aFABP, and lipocalin-2, are
proinflammatory, thereby causing endothelial and cardiac dysfunction.

On the other hand, adiponectin has beneficial effects, especially during caloric
restriction and improvement of left ventricular function as well as antiapoptotic
activity and reduction of infarct size. Adiponectin activates AMPK and PKB kinases
as well as ceramidase, thus producing antiapoptotic sphingosine 1-phosphate and
subsequently inhibiting caspase-8 (Table 2.8) [148]. Adiponectin also stimulates
lipoprotein lipase via the RhoA-RoCK axis and actin remodeling as well as VEGF
production.

Obesity is associated with the production of proinflammatory molecules and re-
cruitment of immunocytes to metabolic organs, particularly adipose tissue, liver,
pancreas, and hypothalamus [149, 150]. Resulting derangements of local metabolism
lead to insulin resistance, type-2 diabetes, nonalcoholic fatty liver disease, and
dyslipidemia.

Obesity increases JNK activity in adipose tissue and liver. Obesity-induced
stress response in adipose tissue depends partly on JNKI in adipocytes. In fact,

22 Two cardiac adipose tissue depots include [148]: (1) epicardial adipose tissue between the
myocardium and visceral pericardium, which localizes to both ventricles in the atrioventricular and
interventricular grooves extending to the apex and along the coronary arteries, and (2) pericardial
adipose tissue outside the inner layer of the pericardium, which covers 80 % of the heart surface.
The volume of epicardial fat increases in patients with coronary artery disease and unstable angina
with respect to healthy individuals.
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Table 2.8 Cardioprotection ensured by adiponectin. Adiponectin is synthesized mainly by
adipocytes, but also by cardiomyocytes, triggers multiple actions via adiponectin receptors Adi-
poR1 and AdipoR2, which both lodge on cardiomyocytes, and cadherin-13: (1) an antiapoptotic
effect by activating ceramidase, PKB, and AMPK, ceramidase producing antiapoptotic sphingo-
sine 1-phosphate (S1P); (2) an antioxidative and -nitrative stress effect via decreased synthesis
of inducible NOS2 and NOx2 subunit of NADPH oxidase; (3) an anti-inflammatory effect by
activating sphingosine kinase-1 (SphK1) and cyclooxygenase-2 (COx2); (4) lipid uptake stim-
ulation via AMPK-mediated upregulation of ScaRb3 scavenger receptor; and (5) glucose uptake
promotion via PKB-dependent translocation to the plasma membrane of glucose GluT4 transporter;
(6) angiogenesis via VEGF. (Source: [148])

Process Pathway and effect
Angiogenesis VEGF
Apoptosis AMPK, ceramidase-S1P
Inhibition of caspase-8
Glucose uptake PKB
GluT4 transfer to the plasma membrane
Inflammation SphK1-COx2
Inhibition of TNFSF1
Lipid uptake AMPK-ScaRb3
Oxidative and nitrative stresses Inhibition of NOS2
Inhibition of NOx2

adipocyte hypertrophy and hyperplasia enable JNK1 and JNK2 activation in resi-
dent macrophages. In adipose tissue and muscle (but not liver), JNKI1 intervenes
during the development of insulin resistance. In hepatocytes, JNK1 reduces hep-
atic steatosis and insulin resistance [149]. Tissue-resident macrophages belong to 2
main populations. Classically activated macrophages (M1) induced by interferon-y
or endotoxin promote interleukin-12-mediated helper Ty; lymphocyte-based immu-
nity. Activated macrophages by IL4 or IL13 (M2a), immune complexes (M2b),
and anti-inflammatory cytokines IL10 or TGFf (M2c) support Ty,-based immunity
implicated in wound healing, tissue repair, and resolution of inflammation. Obesity
favors macrophage polarization to the proinflammatory M1 phenotype [150]. Kinase
JNK is required for the differentiation of proinflammatory macrophages. In myeloid
cells, INK1 and JNK2 are involved in obesity-induced recruitment of macrophages
and inflammation in adipose tissue, without affecting other myeloid cell populations
(eosinophils and neutrophils) [150].

Metabolic syndrome can be caused by mutation in the Lrp6 gene that encodes
LDLR-related protein-6, a coreceptor of the Wnt pathway, thus impairing Wnt sig-
naling [151]. The cellular metabolic sensor PAS domain-containing protein Ser/Thr
kinase (PASK, or STK37) integrates multiple cues to monitor cellular energetic sta-
tus. Nutrient-responsive PASK is activated by glucose. Activated PASK contributes
to insulin secretion in pancreatic f cells, increases the synthesis and storage of
triglycerides in hepatocytes, and decreases ATP generation both from carbohydrate
and fatty acid oxidation in skeletal muscle [152].
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2.3.9 Altered Sleep

Sleep is constituted of two main stages, rapid eye movement (REM) and nonrapid eye
movement (NREM) sleep. More precisely, sleep is characterized by three (formerly
four) stages of increasingly deep dreamless sleep and a stage of dreaming and REMs.

Over the course of the night, sleep cycles are repeated between NREM and REM
stages. Sleep timing is controlled by the circadian clock (Vol. 2, Chap. 5. Circadian
Clock).

Sleep is involved in various bodily functions, such as energetic metabolism, sig-
naling from endocrine glands, memory processing, and waste clearance from the
brain, as well as immunity and wound healing.

Sleep, as for wakefulness, is influenced by various neurotransmitters in the brain
as well as foods and medicines that change the balance of these signals [153]. Caf-
feinated drinks and some drugs can cause insomnia. Heavy smokers have reduced
amounts of REM sleep. Alcohol supports light sleep, but deprive REM and restorative
stages of sleep. Many antidepressants suppress REM sleep.

2.3.10 Sleep Stages

Sleep usually proceeds in four to five REM-NREM cycles per night. The order
is normally NREM1-NREM2-NREM3-NREM2-REM. The proportion of REM
sleep rises in the last sleep part. The first REM sleep period usually occurs about
70-90 min after the sleep onset [153]. A complete sleep cycle takes 90—110 min on
an average.

Stage-1 sleep (lightest sleep) at the beginning of the night represents 5 % of the
total sleep time (TST) and stage-2 sleep (fairly light) 55-60 % TST. Deep sleep, or
slow-wave sleep, in stages 3 and 4 accounts for about 20 % TST.

The latencies between the sleep onset and the initial time of stage 4 and REM
sleep can be calculated. Sleep stage shifts are incidents of sleep stage changes.
Arousals (interruptions of sleep lasting 3—15 s) occur spontaneously or as a result of
sleep-disordered breathing or other sleep disorders.

NREM stage 1 (somnolence or drowsy sleep) is a phase between sleep and wakeful-
ness during which the skeletal muscles (with possible sudden contractions, hypnic
myoclonia) are active and eyes roll slowly, opening and closing moderately. In the
brain, fluctuations of the electrical activity measured by electroencephalography
(EEG) corresponds to the transition from o waves (frequency 8—13 Hz) to 6 waves
(frequency 4-37 Hz).

NREM stage 2 is characterized by a slowing cerebral electrical activity with oc-
casional bursts of rapid waves, sleep spindles (frequency 11-16 Hz), and K
complexes. Eye movements stop. The muscular activity and perception of
environmental stimuli lowers.
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NREM stage 3 (slow-wave sleep [SWS]) can incorporate stage 4. In the brain, 8§ ac-
tivity, that is, high-amplitude waves (frequency < 3.5 Hz), begins to appear,
interspersed with smaller and faster waves.

NREM stage 4 (deep sleep) consists quasi-exclusively of 8 activity.

REM stage (paradoxical sleep) occurs approximately every 90 min. Itis triggered by
acetylcholine secretion and inhibited by serotonin. Arousal is less easily obtained
than at any other sleep stage. The EEG pattern is characterized by high-frequency
waves.

2.3.10.1 Insufficient Sleep

Repeated nights of insufficient sleep (i.e., short sleep duration [< 6 h]) influence
balance between energy expenditure and source. Insufficient sleep increases total
daily energy expenditure by about 5 % as well as weight, despite changes in lev-
els of ghrelin, leptin, and peptide-YY, which signal excess energy stores [154].%3
Insufficient sleep and disturbed circadian rhythm are associated with impaired vig-
ilance and cognition as well as obesity, diabetes, cardiovascular disease, and, at
the nano- and microscale, perturbations of gene transcription regulation and cellular
metabolism as well as altered inflammatory, immune, and stress responses [155].
In addition, insufficient sleep delays the circadian melatonin phase and primes an
earlier circadian wake phase [154]. Conversely, recovery sleep decreases intake of
nutrients, especially lipids and carbohydrates, hence causing a weight loss.

Insufficient sleep up- or downregulates 711 genes [155]. Genes, the expression
of which is upregulated during acute total sleep loss, encode proteins involved in
synaptic remodeling and chaperoning such as heat shock proteins. On the other
hand, genes, the expression of which is downregulated during sustained wakefulness,
encode proteins implicated in molecular synthesis and energy production. Insufficient
sleep reduces the number of genes with a circadian expression profile from 1855
to 1481 as well as their amplitude response, but increases the number of genes that
respond to total sleep deprivation from 122 to 856 [155].

Genes affected by insufficient sleep are associated with [155]: (1) the circa-
dian rhythm (PER1-PER3, CRY2, CLOCK, NR1D1-NR1D2, RORA, DECI, and
CSNKIE); (2) sleep homeostasis (CAMK2D, KCNV2, IL6, and STAT3); (3) oxida-
tive stress (PRDX2 and PRDX5); and (4) metabolism (ABCA1, SLC2A3, SLC2AS5,
and GHRL).

During routine periods of sufficient sleep, about 9% of genes expressed in
blood cells have a circadian expression profile. Genes with a circadian rhythm-
dependent expression include the core clock genes (PER1-PER2, NR1D1-NR1D2,
and ARNTL) as well as genes involved in metabolism (e.g., ABCA1, SLC2A3-
SLC2A14, and PYGL) and regulation of gene expression (e.g., ELAV1, ELP2,

23 The 36-amino acid peptide Tyr—Tyr (PYY) is secreted by the neuroendocrine cells of the mucosa
of the gastrointestinal tract, especially the ileum and colon, in response to a meal.
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HNRNPU, SNRPF, and TCEA3). Gene transcripts characterized by a peak concen-
tration during the night (~ 58 %) encompass most canonical clock genes as well as
those encoding agents of nucleic acid binding, gene transcription and translation,
RNA metabolism and binding, ribosome genesis, and cellular metabolism (peak
at 01:30 AM) [155]. Gene transcripts characterized by a peak level during the day
(~ 32 %) comprise antiphase clock genes (ARNTL and PROK2) as well as those
that encode factors of cytokine receptor activity, NFk B signaling, and response to
cellular stress, inflammation, and immunity [155]. Blood contains markers for diag-
nosis or prognosis. Blood cells produce neurotransmitter receptors and transporters
as well as opsins.

2.3.10.2 Sleep Fragmentation

The sympathetic overactivity that accompanies the majority of sleep disorders is arisk
factor for hypertension. In sleep-disordered breathing, respiratory events end with a
rise in vascular and cardiac sympathetic activity. The respective roles of hypoxemia
and arousal in sympathetic overactivity during sleep are difficult to separate.

Sleep fragmentation results from arousals systematically associated with sym-
pathetic surges. The central nervous system reactivity is objectivized by electroen-
cephalographic activation and concomitant changes in cardiovascular parameters
under autonomic control, such as RR intervals and blood pressure. Repeated sym-
pathetic arousals responsible for sleep fragmentation assessed by the autonomic
arousal index (AAI) derived from the pulse transit time affect blood pressure that
is continuously measured using 24-h ambulatory monitoring and cardiac frequency
variability indices [156]. The pulse transit time (PTT; i.e., the time taken by the
pressure wave to propagate through a given length of the arterial circuit; typically
200-250 ms) is used to detect sleep arousals.?* Sympathetic activation increases the
vascular tone, hence shortening the PTT and elevating blood pressure. The cardiac
frequency variability (CFV) derived from RR intervals serves to assess sympathetic
(low-frequency power [LF]) and parasympathetic (high-frequency power [HF]) ac-
tivity. Dimensionless CFV indices such as the LF/HF ratio are utilized as markers of
sympathovagal balance. In healthy elderly subjects, sleep fragmentation raises di-
urnal and nocturnal systolic blood pressure, independently of confounders, such as
sleep-disordered breathing, body mass index, sex, diabetes, hypercholesterolemia,
and sleep duration and quality [156]. This augmentation is engendered by a nocturnal
and diurnal sympathetic overactivity.

Increase in upper airway resistance that do not cause complete pharyngeal airway
collapse have a clinical importance similar to that of apneas for producing sleep

24 The onset of the R-wave yields the initial time at the aortic valve. The peripheral measurement
station is usually the fingertip, where the pressure wave is detected by a photoplethysmographic
probe. The virtual base point of the photoplethysmographic signal corresponds to the intersection
point between the tangent to the pulse wave at the point with the maximal slope during the systolic
rise and the horizontal line crossing the minimal pressure point.
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fragmentation. This increase leads to obstructive hypopneas with a marked reduction
in air flow and wupper airway resistance episodes (UARE) with high inspiratory
resistance without a significant fall in air flow or arterial oxygen saturation (Sa, ).
Ostructive hypopneas and UAREs are grouped together under the term of obstructive
nonapneic respiratory events (ONARE), which cannot be easily differentiated from
centrally induced episodes [157].%°

Pulse transit time that can detect surges in blood pressure due to microarousals is
used as anoninvasive surrogate marker of inspiratory effort with respect to esophageal
pressure measured invasively using an esophageal catheter that alters the pharyngeal
airway dynamics as well as the sleep quality. This parameter has a high sensitivity
and specificity at differentiating obstructive from central upper airway apneas and
hypopneas [157].

2.3.10.3 Sleep Indices and Grades

Numerous sleep indices are used in clinical practice (Tables 2.9 and 2.10). The
sleep efficiency is the ratio between the TST and the total recording time (TRT).
Sleep latency is related to the first 30 s of sleep and sleep onset to the first 90 s of
uninterrupted sleep. The sleep pressure score (SPS) relates the apnea—hypopnea
index and respiratory (RAI), spontaneous (SAI), and total (TAI) arousal indices:

RAI  SAI
SPS = —— x . @2.1)
TAI ~ TAI

Index grades can be defined. The respiratory arousal index (RAI) and apnea—
hypopnea index (AHI), among others, are considered

e normal (< 5events/h),

¢ mild (5-15 events/h),

¢ moderate (15-30 events/h), and
¢ severe (> 30events/h).

A sleepiness scale lower or equal to 10 means an absence of noticeable daytime
somnolence; ranging from 10 to 15 indicates daytime somnolence; and greater than
16 excessive daytime somnolence.

2.3.10.4 Molecular Context

GABA The neurotransmitter y-aminobutyric acid (GABA) promotes sleep. The
mitochondrial enzyme GABA transaminase (GABAT) expressed in glial cells catab-
olizes GABA to succinic semialdehyde, which in turn is transformed into succinic

25 Hypopneas are defined as a clear and discernible reduction in flow (> 50 %) that ended with an
arousal and fall in S, of at least 3 %. UARESs refer to as flow limitation without flow reduction
occurring concurrently with an increasing esophageal pressure (or surrogate PTT), ending with an
arousal, and followed by a return of the esophageal pressure to its resting level.



2.3 Risk Factors 125

Table 2.9 Sleep indices (Part 1). Arousal is an interruption of sleep of duration greater than 3 s
and an observable episode of o rhythm. Apnea is defined by the cessation of air flow at the nose
and mouth lasting at least 10 s; hypopnea is a 50 % decrease in the amplitude of oronasal flow
associated with either an arousal or a 3 % oxygen desaturation. Apnea—hypopnea index scores an
apnea when the amplitude of a breath is reduced by at least 80 % during at least 10 s and a hypopnea
when the breath amplitude is reduced by 50 % during at least 10 s. Conventional indices of sleep
fragmentation include EEG microarousals, apnea—hypopnea index and oxygen saturation dip rate.
Autonomic indices comprise cardiac frequency and blood pressure rises. Respiratory-effort related
arousals (RERA) are arousals from sleep due to an increasing respiratory effort caused by air flow
limitations without significant O, desaturation for at least 10 s. Periodic leg motions are bursts of
limb muscle contraction of 0.5-5.0 s duration and amplitude of at least 25 % of bursts recorded
during calibration occurring with a periodicity of 5-120 s between each movement. Average number
is the total number (N) of events divided by the actual TST ([mn]) multiplied by 60 (N x 60/TST)

Index Alias Definition

Autonomic arousal index AAI Average number of arousals triggered by the
sympathetic system per hour of sleep (vegetative
activation associated with a transient EEG pattern
different from a conventional arousal)

Apnea—hypopnea index AHI Average number of episodes of apneas and
hypopneas per hour of total sleep time

Breathing-related arousal index | BRAI Number of arousals due to apneas, hypopneas,
snorings, and RERAs multiplied by the number of
hours of sleep

Central apnea index CAI Average number of episodes of apneas without
breathing (duration > 10 s) per hour of sleep effort

Central hypopnea index CHI Average number of episodes of hypopneas without
breathing effort (duration > 10 s) per hour of sleep

Desaturation index DI Average number of arterial oxygen desaturations
(drop of 3 % below average saturation per hour of
sleep)

BAI behavioural arousal index, MAI microarousal index, VAI vegetative arousal index

acid by succinic semialdehyde dehydrogenase. Repression of GABAT expression
hence increases the GABA amount and boosts total daily sleep [158]. Another
sleep-promoting molecule downstream of GABAT activity is y-hydroxybutyric acid
(GHB).

Leukotrienes Obstructive sleep apnea (OSA) is characterized by early atheroscle-
rosis and an increased prevalence of cardiovascular events. The extent of vascular
remodeling is related to the amount of nocturnal oxygen desaturation.

Obstructive sleep apnea is also associated with an activation of the leukotriene
pathway in a context of chronic intermittent hypoxia and obesity. The production of
leukotrienes that are lipid mediators derived from arachidonic acid liberated from
cell membrane phospholipids by cytosolic phospholipase-AZ2 is correlated with OSA
severity [159]. Urinary excretion of leukotriene-E4 and leukotriene concentration in
exhaled breath condensate from OSA patients rise. In OSA patients, the percentage
of time spent with an oxygen saturation (S, ) lower than 90 % and mean and minimal
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Table 2.10 Sleep indices (Part 2)

Index Alias Definition

Obstructive apnea index OAI Average number of complete air flow cessation
(duration >10s) per hour of sleep

Obstructive hypopnea index OHI Average number of partial airway obstruction
(duration >10s) per hour of sleep

Periodic leg movement PLMAI | Number of periodic muscle motion-related arousals

arousal index multiplied by the number of hours of sleep

Respiratory arousal index RAI Number of apneas, hypopneas, and snoring-related
arousals multiplied by the number of hours of sleep

Respiratory disturbance index | RDI Average number of apneas, hypopneas, and
respiratory effort-related arousals per hour of total
sleep time

Spontaneous arousal index SAI Number of arousals in the absence of respiratory

events, limb movements, and snoring multiplied by
the number of hours of sleep

Total arousal index TAI Number of all arousals multiplied by the number of
hours of sleep

Upper airway resistance UAREI | Average number of arousals caused by upper airway

episodes index obstruction per hour of sleep

nocturnal S,,, as well as apnea—hypopnea index are correlated with increased neu-
trophil leukotriene-B4 production. The desaturation—reoxygenation cycle in OSA
patients engenders oxidative and nitrosative stresses.

In inflammatory cells, once arachidonate 5-lipoxygenase (ALOXS5) that interacts
with nuclear membrane-bound ALOx5-activating protein (ALOX5AP) is activated,
arachidonic acid is converted to leukotriene-A4. In intermittent hypoxia, the HIF1a
and NFkB factors activate transcription of ALOxX5AP upon binding to hypoxia-
response and NFk B-binding motif in the ALOX5AP promoter [159].

In neutrophils, monocytes, and macrophages, LTay is converted by LTay hydro-
lase (LTa4H) into LTby, a gene transcription modulator and potent chemoattractant.
Leukotriene-B4 also stimulates release from neutrophils of lysozyme, myeloperoxi-
dase, and matrix metallopeptidases (Table 2.11). Leukotriene-A4 is also secreted to
mediate auto- and paracrine effects via the LTa4R1 (BLT;) and LTa4R2 (BLT),) recep-
tors. Leukotriene-A, can be conjugated with glutathione by LTc4 synthase (LTc4S) to
produce leukotriene-Cy4. The latter can be converted to leukotriene-D,4 by y-glutamyl
transpeptidase (y GT). Leukotriene-D4 can then be metabolized by dipeptidase into
leukotriene-E;,.

Cysteinyl leukotrienes (CysLTs; i.e. LTc4—LTe4) can be synthesized in inflamma-
tory cells, such as macrophages, mastocytes, and platelets, and vascular cells due
to transcellular metabolism of LTas. These agents targets the CysLT; and CysLT,
receptors on leukocytes and vascular cells.
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Table 2.11 Effects of leukotrienes in obstructive sleep hypopnea—apnea syndrome on inflamma-
tory leukocytes and vascular cells, hence related to vascular inflammation and remodeling and
atherosclerosis. (Source: [159]; 4: increase)

Target cell Effects
Granulocyte Chemotaxis, delayed apoptosis
1+ MMP?9 production
Monocyte, macrophage 4 production of IL1p/6, CCL2, MMP9
T lymphocyte Chemotaxis

4 production of Ifny, IL17

Endotheliocyte 1 vascular permeability
1 production of CXCL2, P-selectin

Smooth myocyte Chemotaxis, proliferation
Coronary vasoconstriction
1 production of MMP2, serpin-B2

2.3.10.5 Obstructive Sleep Hypopnea—Apnea Syndrome

Obstructive sleep apnea syndrome is defined by repetitive cycles of hypopnea and/or
apnea during sleep that are combined with diurnal sleepiness. Inspiratory airflow that
is partly (hypopnea) and completely (apnea) occluded during sleep causes oxygen
desaturation and sleep disruption. In Europe and North America, approximately
20 and 7 % of adults have mild and moderate to severe obstructive sleep apnea,
respectively. About 30 % of the adult population in western countries may be affected
by asymptomatic OSA and approximately 2—4 % by symptomatic obstructive sleep
hypopnea—apnea syndrome (OSHAS) [160].

Resulting hypoxemia and hypercapnia excite chemoreceptors that, after signal
processing by the central nervous system, increase sympathetic vasoconstrictory
activity. Furthermore, strenuous inspiratory effort combined with nocturnal hypox-
emia elicits a set of neural and humoral responses with vascular, inflammatory, and
metabolic consequences. Epidemiology has shown that obstructive sleep hypopnea—
apnea syndrome is a risk factor for defective organ perfusion (angina, myocardial
infarction, and stroke; Vol. 8, Chap. 1. Diseases of Large Blood Vessels—Context).

OSHAS is characterized by repetitive partial or complete pharyngeal closure
during sleep due to transient collapse of the soft pharyngeal walls. Pharyngeal ob-
struction leads to arterial oxygen desaturation, persistent diurnal sympathetic activity,
which increases during sleep, hypertension, and cardiac brady- or tachyarrhythmias.

The diagnosis of sleep hypopnea and apnea uses nocturnal polysomnography,
which records cardiac frequency, respiratory rhythm, electroencephalogram, eye
motions, muscle activity, and oxygen saturation.

Continuous positive airway pressure (CPAP) is the usual therapy that reduces
blood pressure, sympathetic activity, and inflammation in patients with OSHAS.
Positive airway pressure generated by a pump maintains an open pharynx. Duration
of CPAP greater than 4 h per night for several weeks can improve endothelial function
and decrease oxidative stress and abnormal lipid peroxidation, as well as blood
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levels of proinflammatory interleukin-6 and anti-inflammatory interferon-y [160]. In
addition, treatment improves the sympathovagal balance, as it reduces catecholamine
levels and sympathetic nerve activity and increases baroreflex sensitivity, an index of
cardiac vagal responsiveness. The CPAP treatment also enhances levels of circulating
nitric oxide, nitrate, and nitrite, as well as endothelial progenitor cell density, hence
ameliorating endothelial function [160]. However, approximately 30 % of patients
with OSHAS do not tolerate CPAP in the long term. Moreover, some patients do not
use CPAP for a sufficient duration (~4 h per night). Alternative treatments are needed
for nonsleepy patients with obstructive sleep apneas reluctant for CPAP therapy.

Sleep-disordered breathing not only can elicit cardiac and vascular damages, in-
creasing the occurrence probability of impaired organ perfusion, but also resistance
to therapies. Obesity, hypertension, and aging are usual features of patients with
sleep hypopneas and apneas, although they can occur in patients who are not obese.
Obstructive sleep hypopneas and apneas can be associated with other risk factors of
cardiovascular diseases, such as insulin resistance.

Adults that had apnea of prematurity, hence intermittent hypoxemia, have an in-
creased risk of sleep-disordered breathing and hypertension. Intermittent hypoxia in
preterm infants may enhance hypoxic sensitivity and cause an exaggerated response
to hypoxia by the carotid body and adrenal chromaffin cells, causing irregular breath-
ing with apneas and hypertension [161]. Associated oxidative stress results from a
decreased expression of genes encoding antioxidant enzymes such as the Sod2 gene
that encodes superoxide dismutase-2, due to DNA hypermethylation.

2.3.11 Air Pollution

Exposure to indoor air pollution from solid fuels can cause many diseases, in particu-
lar pneumonia in children and chronic respiratory diseases in adults (Vol. 8, Chap. 12.
Respiratory Obstructive Disorders). Outdoor air pollution is also a threat to health.

Human beings are increasingly exposed to chemicals and their harmful effects as
well as electromagnetic fields and ionizing radiations, especially workers facing oc-
cupational hazards, in addition to large-scale and global environmental hazards. Air
pollution affects particularly densely populated metropolitan areas and megalopolis.

Practical lifestyle recommendations to reduce exposure to airborne pollutants
comprise:

. to favor public transport;

. to avoid walking and cycling in streets with high traffic intensity;

. to run and exercise in parks, not near pollution sources;

. to limit infant exposure to outdoor pollution (i.e., during rush hours and in
proximity to industrial sources); and

5. to take in a diet rich in fruits and vegetables containing antioxidants.

AW N =

Pollutants are categorized into:
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1. primary pollutants produced directly from vehicle traffic, industrial emissions,
and domestic heating (e.g., nitrogen oxides [NOy] and sulfur dioxide [SO;]), and

2. secondary pollutants that originate from primary pollutants as a consequence of
chemical reactions in the atmosphere (e.g., ozone).

2.3.11.1 Indoor Air Quality

In addition to dirty air conditioning vents and filters, dust dislodged during renova-
tions, and aftermath of water damage to interiors, molds (mainly from Alternaria,
Aspergillus, Cladosporium, and Penicillium) in indoor environments are implicated
in allergies.

The sick-building syndrome (irritation of eyes and respiratory tract) does not have
identified specific etiologic factors but can be defined by a context (poor ventilation,
office and cleaning supply chemicals, damp indoor environment due to water damage,
and microbial contamination).

On the other hand, building-related illness has known causal factors (e.g.,
legionellosis and asbestosis).

2.3.11.2 Particulate Matter

Particulate matter (PM) in the inhaled air, primary or secondary in origin, comprises:

1. fine (PM;s; 0.1 < aerodynamic diameter < 2.5 pum) and
2. ultrafine (PM ;; aerodynamic diameter < 0.1 wm) particles,

which penetrate not only pulmonary alveoli, but also the blood circulation.

Although the average chemical composition of ultrafine particle samples collected
in rural and urban sites is similar, the average concentration can be higher, at least
in some regions, at the rural (520 ng/m3) than in the urban site (490 ng/m3) [162].

The most abundant components are ammonium, nitrate, sulfate, and Ca*t jon.
Particle-bound water-soluble ions include chloride, sulfate, nitrate, methane sul-
fonate, oxalate, malonate, succinate, glutarate, ammonium, sodium, potassium,
magnesium, and calcium.

Metals usually form cations through electron loss, reacting with oxygen in the
air to form oxides over various time scales. The most important metals are calcium
(Ca), iron (Fe), potassium (K), sodium (Na), and zinc (Zn) at both sites. Heavy
metals comprise copper (Cu), lead (Pb), nickel (Ni), and vanadium (V).

Organic anions oxalate and methane sulfonate contributed similarly at both urban
and rural sites.

The average contribution of ultrafine mass to the fine particle (PM; s) mass was
about 7 % at the urban and 8.5 % at the rural site. At both sites the contribution
of ultrafine to fine was especially high for boron (B), selenium (Se), silver (Ag),
and nickel (10-20 %) and, at the rural site, cobalt (Co; 20 %), Ca** (16 %), and
molybdenum (Mo; 11 %).
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Air pollution developed in London during the great smog between 5 and 9 De-
cember 1952 was due to a combination of cold weather, anticyclone around a central
region of high atmospheric pressure, and absence of wind and rain.?® The resulting
intensive domestic heating with low-quality coal formed a thick layer of smog over
the city and caused a marked mortality peak (about 12 x 103deaths).

The World Health Organization (WHO) manages a database on urban outdoor
air pollution monitored during the period from 2003 to 2010 in about 1100 cities in
91 countries [163]. It was estimated that urban outdoor air pollution and smoking
caused 1.34 x 10° and 4.8 x 10 premature deaths worldwide, respectively. Respi-
ratory and cardiovascular diseases can be triggered by acute and chronic inhalation
of gaseous and corpuscular airborne substances.

2.3.11.3 Impact on Health

Air pollution, particularly ground-level ozone, is associated with heart diseases.
Breathing air containing elevated levels of fine particles and ozone can constrict
arteries. Exposure to particulate matter PM; s supports atherosclerosis. Exposure
to ultrafine particles PM ;g inhibits the anti-inflammatory capacity of high-density
lipoprotein, thereby augmenting oxidative stress [164].

Particulate matter exposure potentiates angiotensin-2-induced hypertension, car-
diac maladaptive hypertrophy, and collagen deposition via the RhoA—Rho kinase
axis [165]. Ozone interacts with cholesterol of the plasma membrane of respiratory
epithelia as well as of blood cells to produce metabolites such as atheronals that af-
fect artery wall rheology. In addition, leukocytes involved in inflammation of arterial
walls can produce ozone and afterward atheronals-A and -B.

Dysregulation of the autonomic nervous system, inflammation, atherosclerosis,
and thrombosis interfere. Animals exposed to PM have an overproduction of reactive
oxygen species, which are implicated in the initiation and progression of atheroscle-
rosis [166]. A higher mortality rate is observed in patients who suffered from an
acute coronary syndrome and were exposed to higher levels of pollution in England
and Wales, with a 20 % increased risk of deaths for any 10 wg/mm?® PM, 5 elevation
[167].

Rodents exposed to a particulate matter dose comparable with that to which peo-
ple are exposed in metropolitan areas develop platelet dysfunction and hemostatic
changes, ultimately provoking intravascular thrombus formation [166]. The hyperco-
agulable state following exposure to PM results from a shortening of coagulation time
and higher plasma concentrations of the prothrombotic amino acid homocysteine,
particularly in smokers. In the lung, activated inflammatory cells (endotheliocytes,
macrophages, and circulating neutrophils) raise local levels of cytokines such as
interleukin-6, which may then act as a stimulus for subsequent systemic inflam-
mation that can cause hypercoagulability and enhanced thrombogenesis. In healthy

26 Air pollution is lower on rainy rather than on sunny days.
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people and patients with coronary artery disease, the finest PM contained in diesel
exhaust impedes vasodilatory response to proper stimulants and supports hypofibri-
nolysis [166]. Markers of atherosclerosis (carotid wall thickness and calcium content
in coronary arterial walls) are correlated with PM; 5 concentration.

In addition, PM exposure decreases cardiac frequency variability, a risk factor
for arrhythmias and sudden death [166]. Augmented sympathetic control can result
from activation of pulmonary nervous reflex arcs and direct effects of pollutants on
cardiac ion channels.

Long-term exposure to fine PM and night-time traffic noise are both indepen-
dently associated with subclinical atherosclerosis and may both contribute to the
association of traffic proximity with atherosclerosis [168]. Higher concentrations
of particulate air pollution (PM10 and PM2.5) and greater traffic noise at night
are each independently associated with a higher risk of developing thoracic aortic
calcifications.

However, air pollution and ambient noise share common sources and their effects
on cardiovascular outcomes can be entangled [169]. Noise, even at moderate inten-
sities, may activate stress responses with detrimental cardiovascular effects, both
during daytime activity and during sleep [169].

Long-term particulate air pollution and traffic noise alters health. In addition,
short-term increases in pollution ranging from hours to days affects the cardiovascular
apparatus at low levels of exposure of ambient air pollution, particularly for the risk
of acute events, such as myocardial infarction and heart failure [169].

Air pollution includes a variety of gaseous species as well as suspended PM of
various sizes. Many isolated pollutants have adverse effects on the cardiovascular
apparatus at high doses as well as at lower levels of exposure as mixtures linked to
ambient air pollution. Relatively low levels of fine particulate exposure from either
air pollution or passive cigarette smoke are sufficient to induce adverse biological ef-
fects [170]. However, the exposure—response relation between cardiovascular disease
mortality and PM2.5 is relatively steep and nearly linear at low levels of exposure,
consistent with low air pollution and very light active smoking (1-2 cigarettes/day),
and flattens out at higher exposures. Exposure to both ambient air pollution and
active or passive cigarette smoke do not raise the cardiovascular risk at high concen-
trations (but not attenuating it) due to the nonlinear relation with a plateau above a
concentration threshold [170].

2.3.11.4 Aloft Toxins—Mycotoxins

Chemical pollutants comprise organic and inorganic compounds and microbes of
tropospheric winds. Environmental agents such as windborne pathogens and toxins
(e.g., aloft bacterial and fungal toxins) are seasonal and nonseasonal etiologic factors.
They travel via regional winds and large-scale atmospheric circulation. They enter
through the mucosa of the upper respiratory tract.

Fungi are major plant and insect pathogens. Growth of fungi on animal hosts pro-
duces mycoses (by primary [e.g., Coccidioides immitis and Histoplasma capsulatum)
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and opportunistic pathogens [e.g., Aspergillus fumigatus and Candida albicans].
Dietary, respiratory, dermal, and other exposure types to toxic fungal metabolites
generate mycotoxicoses. Whereas microfungi make mycotoxins, macroscopic fungi
and mushrooms produce mushroom poisons.

Many cereal species harbor fungal spores. Inhalation of spore-associated myco-
toxins?’ that are secondary metabolites of various chemical pathways cause diverse
sets of symptoms in humans. The liver, kidneys, and brain are prominent targets
[171].

Mycotoxins produced by microfungi that are toxic to vertebrates in low concen-
trations include [172]:

* aflatoxins produced by Aspergillus species, often associated with crops of cotton,
peanuts, spices, pistachios, and maize (they are difuranocoumarin derivatives
synthesized by a polyketide pathway by many Aspergillus species);>®

e citrinins manufactured by Penicillium and Aspergillus species, which is associated
with many human foods (barley, corn, oat, rye, rice, wheat) and are nephrotoxins;

* fumonisins produced by Fusarium species, which can affect the nervous system;>’

* trichothecenes (e.g., diacetoxyscirpenol and deoxynivalenol) mainly synthezised
by Fusarium species, which constitute a family of more than 60 sesquiterpenoid
metabolites, are potent inhibitors of eukaryotic protein synthesis and can pro-
voke chronic toxic effects, in addition to their cytotoxic and immunosuppressive
activity;

e zearalenone, another metabolite from Fusarium species with potent estro-
genic activity, hence being a nonsteroidal mycoestrogen and not a mycotoxin
(misnomer);

e other Fusarium toxins, which include beauvercin, butenolide, equisetin, enni-
atins, and fusarins;

* ochratoxins (ochratoxin-A—ochratoxin-C) made by Aspergillus and Penicillium
species, which is a potent nephrotoxin;

 patulin from Aspergillus, Penicillium (e.g., Penicillium expansum associated with
arange of moldy fruits and vegetable), and Paecilomyces species, an antimicrobial
(antibacterial, antiviral, and antiprotozoal) agent, but also a toxic to both plants
and animals; and

* ergot alkaloids are indole alkaloids from the sclerotia of Claviceps species, which
are common pathogens of various grass species.

27 ine: fungus, ToELkov: poison on an arrow (ToE€a). A given fungus can produce many types of
mycotoxins. A given mycotoxin can be produced by several species of fungi. These toxic secondary
metabolites colonize crops.

28 Cytochrome-P450 enzymes convert aflatoxins to the reactive (8,9)-epoxide form that can bind
to DNA and proteins, hence their carcinogenicity.

2 Fumonisins interfere with sphingolipid metabolism in animals.

30 Several ergot alkaloids induce smooth muscle contractions. Ergotism comprises gangrenous
and convulsive forms. In animals, ergotism causes gangrene, abortion, suppression of lactation,
hypersensitivity, convulsions, and ataxia [172].
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They are consistent with an agricultural source region from which they are lofted into
the atmosphere and there is a short incubation time between exposure and onset of
fever. Kawasaki disease, the most common cause of acquired acute coronary artery
vasculitis in children, results from infection by Candida species as the dominant
fungal species that operate via windborne toxins rather than organisms requiring
replication. They are collected in aerosols transported by tropospheric winds from
cereal (corn, rice, and spring wheat) croplands in the densely and intensively culti-
vated region of northeastern China to Japan and even to the West Coast of the United
States [171]. The incubation period is very short (< 24 h) after exposure.

2.4 Genetic Background

Human genomics is aimed at predicting people at risk for specific diseases, especially
at determining the genetic background of cardiovascular diseases, and at identifying
individuals in a target population that can benefit from specific therapies. A positive
family history (heritability) is one of the strongest cardiovascular risk factors.

Transcriptional variations and posttranscriptional changes that often modify tran-
script stability, transcription rate, RNA export from the nucleus, and alternative
splicing, as well as any processes that affect expression levels, lead to alterations in
protein structure and state, hence in biological processes.

Candidate genes carrying mutations or variants affecting their function are those
encoding proteins involved in the pathogenesis of cardiovascular diseases. Risk-
associated alleles, which are carried by most individuals, are inherited factors that
act independently of traditional risk factors and confer a modest hazard. Each risk
allele indeed mildly increases (< 30 % per allele in the case of myocardial infarction
[173]) the probability of occurrence of a given pathology. However, individuals who
are homozygous for a risk allele have a much stronger risk (~ 60 % risk increase in
the case of myocardial infarction [173]) with respect to subjects who do not carry
this allele. Molecular mechanisms associated with these chromosomal variants may
explain genetic susceptibility for a given disease.

Genome wide affected sib-pair linkage analyses assume that siblings who are
affected by a phenotype are more likely to share the chromosomal region on which the
responsible gene is located. Yet, the sequencing of the 3 x 10° base pairs of the human
genome and the cataloguing of single-nucleotide polymorphisms (10° SNPs), i.e., of
DNA sequence variations by changes in a single nucleotide, at these bases support
genome wide association (GWA) studies of complex traits in unrelated subjects.’!

A small part of the human genome encodes proteins. Noncoding regions of DNA
variants can also be associated with diseases. In addition, most commonly occurring
variations in DNA are only weakly related to occurrence of cardiovascular diseases,

31 SNPs constitute a large fraction of variations of the human genome. Two alleles of each SNP
have different frequencies in the population. Additional variations comprise insertions, deletions,
and structural variations, as well as epigenetic modifications.
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whereas rare genetic variants can have strong effects such as those involved in familial
hypercholesterolemia [111].

2.4.1 Genetic Background and Metabolism

Certain gene mutations cause severe congenital metabolic disorders. Genetic vari-
ations influence metabolism (i.e., production, uptake, release, and clearance of
chemicals from given organs) and disease. However, metabolism is governed by
genetic factors of variable impact as well as nongenetic effects.

Metabolic intermediates are assigned to metabolic groups (amino acids, pep-
tides, carbohydrates, lipids, nucleotides, and cofactors and vitamins) or to energetic
and xenobiotic metabolism (e.g., gene products associated with drug targets,
drug-metabolizing enzymes, and transporters).

Genetic variants have effects ranging from loss-of-function alleles in metabolic
disorders to common polymorphisms with moderate consequences in multifac-
torial diseases, taking into account variations within the normal range of healthy
individuals [174].

Metabolic intermediates can identify connectivity between genes and diseases
[174]. The genetic variants can have an effect in a specific tissue when the
corresponding protein is expressed and active in this tissue. For example, the
bradykinin—kininogen—kinin axis is related to the cardiovascular apparatus and,
hence, its disorders.

Most loci map preferentially in or near genes that encode enzymes, metabo-
lite transporters, and regulators of metabolism. Genetic influences on human blood
metabolites that can serve as markers are first analyzed. Metabolite and transcript
concentrations have greater statistical power than more complex traits (e.g., high-
and low-density lipoprotein—cholesterol levels) [174]. Metabolite-associated single
nucleotide polymorphisms affect metabolite concentrations via variation in the tran-
script level of corresponding causal genes. The allele associated with an altered
metabolite level is linked to abnormal gene expression in at least one biological tis-
sue. Combination of genetics with metabolomics enable identification of 145 genetic
loci linked to 400 blood metabolites [174].

2.4.2 Genetic Background and Cardiovascular Diseases

Mutations in the SLC2A10 gene, which encodes glucose transporter GLUT10, as-
sociated with upregulation of the TGFP pathway in the arterial wall, cause aortic
aneurysms and arterial tortuosity [175].3

32 Arterial tortuosity syndrome is an autosomal recessive disorder characterized by tortuosity, elon-
gation, stenosis, and aneurysm in major arteries that results from disruption of medial elastic fibers
in the arterial wall.
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Increased arterial stiffness raises the cardiovascular morbidity because of an el-
evation of afterload and altered coronary perfusion. Thirty-five gene expressions®?
are correlated with the pulse wave velocity chosen as an index of arterial stiffness in
human aortic specimens [176]. Two distinct groups of genes, associated either with
cell signaling or with interactions between the cytoskeleton, plasma membrane, and
extracellular matrix** are involved.

Most common forms of hypertension begin by repeated mild or intermittent eleva-
tions in arterial pressure associated with vasoconstriction. As hypertension progresses
with age, blood vessels remodel. Hypertension can occur without any known cause.
Essential hypertension, the most common cardiovascular disease, is a major risk
factor. Multiple approaches are used to determine the genetic background of essen-
tial hypertension. Certain specific mutations indeed lead to hypertension (others to
hypotension), via defective electrolyte transport in the nephron.

Many genomic regions are implicated in the regulation of blood pressure. Clusters
of blood pressure-related traits are mainly located on chromosomes-1 and -3 [177].
Blood pressure quantitative trait loci can colocalize with those for renin activity and
sodium excretion. A cluster of metabolism-related traits, including indices of obesity,
are also mapped to chromosome 1.

The LIPA gene (lysosomal acid lipase-A) is identified as a candidate gene for
coronary artery disease [178]. Osteoglycin (Ogn) is a protein that regulates left
ventricular mass in humans and endonuclease-G (Endog) regulates mitochondrial
genesis and cardiac hypertrophy.

2.4.3 Genetic Background and Neurotransmission

Noradrenaline is involved in sympathetic neurotransmission in: (1) the brain, where
it supresses central sympathetic activity; as well as (2) postganglionic sympathetic
neurons to the heart, vasculature, and kidney, thereby increasing the cardiac fre-
quency and contractility, vascular tone, activity of the renin—angiotensin axis, and
renal sodium reabsorption. Therefore, noradrenaline has sympatholytic action in the
central nervous system that tends to lower blood pressure, whereas its stimulatory
effect in the peripheral nervous system raises blood pressure.

Approximately 80-90 % of noradrenaline released is taken up again through the
Na™- and Cl™-dependent SLC6a2 transporter, or noradrenaline transporter (NET1),

33 Strong correlations are found with the catalytic subunit of the myosin light chain phosphatase,
A-kinase anchoring protein AKAP9, regulatory subunit "8*PI3K,, of phosphoinositide 3-kinase,
protein kinase-Cp 1, and synaptojanin-1.

34 Concentrations of integrin-oxg, 06, B3, and Ps differ between stiff and distensible aortas.
Certain proteoglycans, decorin, osteomodulin, aggrecan-1, and chondroitin sulfate proteoglycan-
5 (neuroglycan-C), and related proteins, dermatopontin (a decorin-binding proteoglycan), have
different amounts between stiff and distensible aortas.
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a neuronal reuptake neurotransmitter transporter of the monoamine transporter su-
perfamily. Uptake is driven by an inwardly directed Na™ gradient maintained by
Nat—K* ATPase. Noradrenaline is then repackaged into vesicles through the vesic-
ular monoamine transporter VMAT?2 or degraded by monoaminooxidase. A smaller
proportion of released noradrenaline spills out of the synaptic cleft and is catabolized
by catechol “methyltransferase.

Alternatively spliced variants of the SLC6A?2 transcript (hence SLC6a2 gene prod-
uct) exist. In addition, the SLC6A?2 gene is subjected to epigenetic modifications.
Altered functioning of the SLC6a2 transporter is implicated in numerous cardiovas-
cular diseases [179]. Postural tachycardia syndrome (PoTS) is defined by elevated
cardiac frequency equal to 0.5 Hz upon standing without orthostatic hypotension,
orthostatic symptoms persisting more than 3 months, and a usual augmented plasma
noradrenaline concentration. It primarily affects women. It relies on mutations of
the SLC6A2 gene (Ala457Pro)*> with lowered plasmalemmal density. SLC6a2 mu-
tants oligomerize with normal SLC6a2, thereby decreasing SLC6a2 amount at the
cell surface and hence noradrenaline uptake. Patients and family members heterozy-
gous for dominant negative A457P mutation have PoTS symptoms; PoTS patients
without the A457P mutation also have decreased SLC6a2 expression in leuko-
cytes and forearm veins [179]. Most polymorphisms encode for SLC6a2 variants
(R121Q, N292T, A369P, and Y548H)3¢ with decayed noradrenaline affinity. On the
other hand, the SLC6A228C variant is associated with increased SL.C6a2 func-
tion (elevated noradrenaline uptake 30 %), which is insensitive to PKC-mediated
downregulation. [179].

Chronically altered SLC6a2 function is associated with heart diseases. Nora-
drenaline uptake from the synaptic cleft through SLC6a2 is an energy-dependent
process. Limited oxygen supply can then impair noradrenaline ingress. Conversely,
a defective noradrenaline import and excessive synaptic noradrenaline concentration
such as that observed in hypertrophic cardiomyopathy can promote heart disease and
predispose to cardiac arrhythmias. Excessive adrenergic activity in the heart can be
detected in myocardial infarction, unstable ischemic heart disease, stress-induced
cardiomyopathy, and congestive heart failure that can benefit from B-adrenoceptor
blockers [179].

35 The Ala457Pro exchange, or A457P variation, is defined by a Pro457 mutant and Ala457 wild-
type forms.

36 The A369P polymorphism (relatively high allele frequency) leads to intracellularly retention and
hence lack of noradrenaline transport. Like A457P polymorphism, A369P and N292T polymor-
phisms exert a dominant negative effect on wild-type SLC6a2 transporter [179]. Other gene variants
(T182C and A3081T) alter SLC6A2 promoter activity; they are associated with pressor response
during exercise, but not with cardiac frequency and plasma catecholamine changes.
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2.4.4 Genetic Background in Lipidic Metabolism

Gene expression in adipose tissues is strongly correlated with obesity [180]. Medical
genetics aims at identifying specific genes associated with a severe risk of diseases
and associations of gene variants, each providing a moderate risk.

Heterozygous familial hypercholesterolemia is due to monogenic disorder asso-
ciated with one defective allele coding for the LDLR. The homozygous disease is
defined by both defective alleles, resulting in nonfunctioning LDL receptors.

Loci near the ANGPTL33” and MLXIPL genes*® are significantly associated with
triglyceride concentrations [181]. Endothelial dysfunction is associated with hypoal-
phalipoproteinemia, a genetic disorder with low plasma levels of HDL®® and ApoAl
and high coronary heart disease risk. The GALNT2 gene® is substantially related to
the HDL® concentration.

The chromosomal region 1p13.3 is related to a risk of myocardial infarction.*? It is
associated with LDL®*; in European populations, the minor allele is linked to lower
levels of LDL®®, hence a smaller risk of coronary artery disease. This chromosomal
region harbors 4 genes that encode proline/serine-rich coiled coil protein PSRCI,
cadherin, EGF LAG 7-pass G-type receptor CELSR2, myosin-binding protein H-like
molecule (MyBPhL), and sortilin-1 (Sort1). The latter is a transmembrane receptor
that binds to various ligand types. It is involved in the endocytosis and intracellular
degradation of lipoprotein lipase, a rate-limiting enzyme of triglyceride hydrolysis,
as well as internalization of apolipoprotein-AS5—containing chylomicrons.

The hepatic levels of Psrcl, Celsr2, and SORT1 transcripts (mRNAs) correlate
with LDL® plasma concentration. The coronary artery disease (CAD) risk allele is
associated with lower levels of CELSR2 and SORT and a higher LDL®* level.

In addition to the chromosomal 1p13 locus near the Celsr2, Psrcl, and SORT1
genes, the 19p13 locus near the CILP2 and PBX4 genes and 8q24 locus near the
TRIB1 gene are significantly associated with the LDL®® concentration.

2.4.5 Congenital Cardiac Malformations

Congenital cardiac malformations (CCM), a.k.a. congenital heart diseases or defects
(CHD),*! caused by dysregulation of heart development before birth, is the leading

37 The ANGPTL3 gene encodes angiopoietin-like protein-3 that influences triglyceride metabolism.

3% The MLXIPL gene encodes carbohydrate-response element-binding protein. This transcription
factor connects hepatic carbohydrate flux to fatty-acid synthesis.

3 The GALNT2 gene encodes Nacetylgalactosaminyltransferase-2 involved in O-linked glycosy-
lation.

40 The chromosome 1 is the largest human chromosome, with more than 249 x 10° nucleotide base
pairs [182].
41 This acronym also refers to as coronary heart disease. It is thus avoided.
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Table 2.12 Heart development during embryogenesis. The first and second heart fields contribute
to the left and right ventricle, respectively, as well as for the latter to the outflow tract, sinus venosus,
and left and right atria. During heart maturation, the cardiac cushions give rise to the atrioventricular
valves, left and right ventricular myocardium to the septum, the growth of primary and the secondary
septa to the atrial septum, and outflow tract septation separates the common outflow tract into the
aorta and pulmonary artery. (Source: [318])

Stage Time (day) Events

Early heart development stages

Cardiac crescent 15 Cardiac differentiation, migration to midline
Linear heart tube 20 Heart tube formation, first heart beats,

anteroposterior and dorsoventral patterning

Looping heart 28 Early chamber formation, looping to right

Chamber formation 32 Chamber formation, trabeculation, cushion
formation, outflow tract septation, early
conduction system formation

Heart maturation

Ventricular septation 50-90 Ventricular septum
Atrial septation 60-270 Atrial septum
Outflow tract septation 60-270 Aorta and pulmonary artery

cause of infant morbidity in high-income countries (19-75 per 10* live births ac-
cording to types of malformations, excluding cardiomyopathies, conduction tissue
abnormalities, and laterality defects [318]). Congenital cardiac malformations range
from simple to severe defects, such as complete absence of one or more chambers
or valves (7-8 per 10° births).

Congenital cardiac malformations result from mutations in genes that encode
regulators of heart development and environmental agents. Prenatal exposure to
angiotensin-converting enzyme inhibitors increases the risk of congenital malforma-
tions.

The earliest stage of heart formation (cardiac crescent) is characterized by 2 pools
of cardiac precursors (Table 2.12):

1. the first heart field that contributes to the left ventricle, and
2. the second heart field devoted to the right ventricle and later to the outflow tract,
sinus venosus, and left and right atria.

Secreted molecules, such as fibroblast growth factor, bone morphogenetic proteins,
and Wnt proteins, among others, interacting transcription factors,*> histones and
components of chromatin-remodeling complex such as BAF60C of the Swi/Snf-like
complex BAF control the fate of cardiac progenitors [318]. Histone methyltransferase
SMYDI1 (or BOP) regulates cardiac chamber growth and differentiation. Notch-1

2 Transcription factors Tbx5 and Nkx2-5 interact and synergistically activate their downstream
targets. Defective interactions between GATA4 and NKX2-5 and between GATA4 and TBX5 might
underlie congenital heart diseases caused by GATA4 mutations.
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is used for epithelial-to-mesenchymal transition and valve formation. Morphogen
Wntl1 signals downstream from the transcription factor Paired-like homeobox gene
product Pitx2 to regulate outflow tract morphogenesis via transforming growth factor-

B2.

2.4.5.1 Classification

Congenital heart diseases can be classified into 3 main categories:

1. cyanotic heart diseases with mixing of oxygenated and deoxygenated blood;
2. left-sided obstruction defects; and
3. septation defects.

Cyanotic heart defects include transposition of the great arteries, tetralogy of Fallot,
tricuspid atresia, pulmonary atresia, Ebstein’s anomaly of the tricuspid valve, double
outlet right ventricle, persistent truncus arteriosus, and total anomalous pulmonary
venous connection.

Left-sided obstructive lesions comprise hypoplastic left heart syndrome, mitral
stenosis, aortic stenosis, aortic coarctation, and interrupted aortic arch. Septation
defects can target atrial or ventricular septation or atrioventricular septum formation.
Other types of congenital malformations consist of bicuspid aortic valve and patent
ductus arteriosus.

2.4.5.2 Genetic Background in Structural Heart Defects

Most congenital heart diseases result from genetic changes, focal mutations, deletion,
or addition of DNA segments. A repository of human genetic data for congeni-
tal cardiac malformations describes both the phenotype and genetic lesions [183].
Large chromosomal anomalies that cause structural heart defects encompass tri-
somies 13, 18, and essentially 21. Atrial septal defect can be associated with a
mutation of the chromosomal segment 14q12 [184].#* Microdeletion of the long arm
of chromosome 22 (22q11) is responsible for the velocardiofacial syndrome (or Di-
George syndrome) characterized by conotruncal malformations (tetralogy of Fallot,
interrupted aortic arch, ventricular septal defect, and persistent truncus arteriosus) as-
sociated with abnormal facies, thymic aplasia, cleft palate, and hypoparathyroidism.
Mutations of the TBX1 gene are involved in this syndrome.

Other small chromosomal anomalies comprise microdeletion of the long arm of
chromosome 1 (1q21) and of the short arm of chromosome 8 (8p23), among others.

The first identified single-gene mutation that generates atrial and ventricular sep-
tation defects and conduction tissue alterations was in the T-box transcription factor
TBXS gene. Deficiency in TBx5 in ventriculomyocytes causes the Holt—Oram syn-
drome [185]. Alterations of the atrioventricular node conduction are associated with

43 The shorter chromosome arm is called p arm (from French petit: small) and longer arm g arm
(in alphabetical order for increasing size).
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impaired relaxation, i.e., diastolic dysfunction. The TBx5 factor can indeed acti-
vate the Atp2a2 promoter of the gene that encodes sarco(endo)plasmic reticulum
Ca>* ATPase SERCA2a, thereby promoting relaxation.** Whereas mutations in the
MYHG6 gene can engender atrial septal defects, mutations in the genes that encode
the cardiac transcription factors regulating expression of the cardiac myosin heavy
chain-a isoform, such as the Gata4, TBXS, NKX2-5 genes, provoke both atrial and
ventricular septal defects. In addition, mutations of the NKX2-5 and TBXS5 genes
provoke anomalies of the action potential conduction. In particular, mutations in the
NKX2-5 gene induce atrial septation defects and an atrioventricular block.

Mutations in the TFAP2B* and MED13L* genes are sources of heart malfor-
mations [318]. Mutations in the NOTCH2 gene are detected in Alagille syndrome.
Mutations in a set of genes that encode proteins of the Ras-MAPK pathway (PTPN11,
KRAS, RAF]1, and SOS1) cause Noonan syndrome. Calcification of the aortic valve
is one of the leading causes of heart disease in adults. Mutations in the signaling and
transcriptional regulator Notch-1 cause a spectrum of aortic valve anomalies, from
early developmental defect in the aortic valve to later valve calcification [186].

Mutations of genes encoding components of the mitogen-activated protein ki-
nase module cause cardiofaciocutaneous syndrome with cardiac defects among other
developmental abnormalities [187].

2.4.5.3 Numerical Simulations of Surgical Repair

Reconstructive procedures for congenital cardiac malformations create new vessel
circuits and connections. For instance, the Fontan operation treats complex con-
genital cardiac malformations, the serial systemic and pulmonary circulations being
driven by the single available (anatomical or functional) ventricle.

The Fontan procedure was originally aimed at curing tricuspid atresia by an atri-
opulmonary connection. As a better design of the vascular reconstruction can avoid
progressive atrial dilatation, the operation was thus modified to the lateral tunnel
technique, the superior vena cava was sutured directly to the right pulmonary artery
[188]. This anastomosis (bidirectional Glenn) carried out at an early age is an in-
termediate step before the final Fontan circulation. A recent modification of the
technique replaces the intraatrial routing of the venous blood by the insertion of an
extracardiac conduit between the inferior vena cava and the right pulmonary artery.

The surgically created circuit must not only provide adequate blood supply, but
also avoid areas of high stress generated by the flowing blood that can damage the

4 The ventricle relaxation has 2 components: (1) an active component during which cardiomyocytes
relax after each contraction with regulated Ca?* removal from the cytosol, and (2) a subsequent
passive component during which the ventricle distends due to blood influx from the atria.

45 The TFAP2B gene encodes transcription factor activating enhancer-binding protein-2p.

46 The MEDI3L gene encodes Mediator complex subunit-13-like protein, or thyroid hormone
receptor-associated protein THRAP2.
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wall wetted surface. Imaged-based numerical simulations can be used to manage
surgical repairs of congenital cardiac malformations to limit possible postopera-
tive sequelae. Anatomical and functional data are acquired for each patient prior
to surgical reconstruction. Inflow and outflow boundary conditions match available
measurements.

Computational blood flow models are also aimed at optimizing the surgical proce-
dure according to hemodynamics [189, 190]. Proper blood flow distribution into the
lungs can be provided by fitting a hemodynamic design of cavopulmonary connec-
tion, as demonstrated by a 3-D finite element model coupled to a lumped-parameter
model of the pulmonary circulation [191]. In particular, numerical tests suggest that
the common practice of imposing a right/left pulmonary artery flow split of 55/45
should be avoided [192]. Moreover, alternative surgical designs can be tested [193].

In any case, hemodynamic input data uncertainties on simulation results must
be explored as it was done for 5 cavopulmonary connections [192]. A sensitivity
analysis investigates the impact of input data.

2.5 Hypoxia and Inflammation

Tissular hypoxia results from an imbalance between the oxygen supply necessary
to satisfy metabolic requirements and blood perfusion. It happens during physio-
logical (e.g., fetal development and exercise) and pathophysiological (e.g., ischemia
and tumorigenesis) processes. Hypoxia-inducible factor-1a is a transcription factor
that ensures cardioprotection. It keeps the mitochondrial polarization during anoxia
and increases compensatory glycolytic capacity (possibly, but not necessarily, with
larger preischemic glycogen reserve, glycolytic flux, and ATP preservation during
ischemia) [194].

Hypoxia and inflammation are 2 interdependent processes, as hypoxia primes
inflammation and, conversely, inflammatory diseases are frequently characterized
by tissular hypoxia and/or stabilization of hypoxia-dependent transcription fac-
tors such as hypoxia-inducible factor. For example, ischemia—reperfusion injury
is characterized by an inflammatory response (hypoxia-induced inflammation). On
the other hand, pulmonary inflammation such as in acute lung injury is associ-
ated with metabolic alterations leading to HIF 1« stabilization (inflammatory disease
characterized by hypoxia or HIF activation).

Hypoxia is a prominent feature of chronically inflamed bodily tissues due to an
increased metabolic activity that is unmatched by an impaired local perfusion, hence
a decreased oxygen supply at the inflamed site. Hypoxia affects the regulation of
neutrophil and macrophage survival, macrophage and T-lymphocyte differentiation,
and dendritic cell function.

The cellular adaptation to hypoxia is regulated by the HIF family of transcription
factors, especially hypoxia-inducible factor-1 (HIF1a—HIF2a). Hypoxia-inducible
factor activates transcription of multiple genes that encode proteins involved in
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angiogenesis, erythropoiesis, pH regulation, and glucose metabolism. The hypoxia-
induced reprogramming leads to an increased dependence on glycolysis over
oxidative phosphorylation; this metabolic shift is called the Warburg effect.’
Activators of HIF are aimed at yielding tissular protection.

Hypoxia can dampen tissular inflammation. Hydroxylases link hypoxia to in-
flammation. Oxygen-sensing hydroxylases control the cell adaption to hypoxia,
especially transcriptional adaptation to hypoxia via hypoxia-inducible factor and nu-
clear factor-k B, both regulating inflammation. These cellular oxygen sensors indeed
intervene in the posttranslational regulation of hypoxic and inflammatory pathways.
They control the stability of the o subunit of the HIF factor.

Hydroxylases comprise 4 enzymes: prolyl hydroxylases PHD1 to PHD3 and a
single asparaginyl (asparagine) hydroxylase called factor-inhibiting HIF (FIH). In
normoxia, PHDs control the elimination of HIF, as they target HIF for proteasomal
degradation upon proline hydroxylation, whereas FIH renders HIF transcriptionally
less active, as it finely tunes HIF activity by regulating interactions with the tran-
scriptional coactivators CREB-binding protein (CBP) and P300 [196, 197]. They
require oxygen as a cofactor for hydroxylation; when oxygen level lowers, they are
inactive and their inhibition of HIF is hence relieved, thereby launching the HIF-
regulated gene program that includes production of anti-inflammatory molecules,
such as adenosine and netrin-1 [196].

In hypoxia, the HIFa—HIFp heterodimer in the nucleus binds to hypoxia response
promoter element (HRE) on genes that encode nuclear factor-kB and Toll-like re-
ceptors. The former is a transcriptional activator of the Hif gene (mutual activation).
Once it is activated, NFkB initiates the transcription of inflammatory genes as well
as the Hif gene, hence genes involved in tissue protection and homeostasis.

Hydroxylases, which are inhibited by hypoxia, modulate inflammation via
posttranslational modifications in the IL1B pathway [197]. Interleukin-1f is a
major proinflammatory cytokine associated with multiple inflammatory diseases.
Interleukin-1p engenders NFkB action in vivo at the level of or downstream from
the tumor-necrosis factor receptor (TNFR)-associated factor TRAF6 complex via
hydroxylases, more precidely via the combined activity of PHD1 and FIH, in addi-
tion to its signaling via the IKK complex [197]. The ubiquitin conjugase for TRAF6
ubiquitin ligase is composed of ubiquitin conjugase-E2 variant-1 (UbE2V1)* and
ubiquitin conjugase-E2N (UbE2N) that are substrates of PHD1 hydroxylase. On the
other hand, OTU domain-containing ubiquitin aldehyde-binding deubiquitinase-1

47 Among 6 long noncoding RNAs (IncRNA) and large intergenic noncoding RNAs (lincRNA)
according to whether they are encoded intra- or intergenically, respectively, that possess hypoxia
response elements (HRE) in their gene promoters, only lincRNAp21 is boosted by hypoxia [195].
It enables hypoxia-induced changes in metabolism, favoring hypoxia-enhanced glycolysis. More-
over, it protects HIF1a against its degradation, as it interacts with both HIF1a and VHL ubiquitin
ligase and competitively disrupts the VHL-HIF1a interaction, thereby assisting HIF1a stability
in response to hypoxia. Conversely, HIF1a supports the hypoxia-induced increase in lincRNAp21
level, which is a HIFla transcriptional target (positive feedback).

48 A k.a. TRAF6-regulated IKK activator-1p.
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(OTUBL1) that antagonizes the UbE2V1-UbE2N complex is hydroxylated by the
FIH enzyme. Downstream from the TRAF6 complex, Ik Bf is also hydroxylated by
the FIH enzyme. Moreover, several proteins in the IL1p pathway are hydroxylated by
PDH and/or FIH hydroxylases. Therefore, these hydroxylases can regulate IL1f sig-
naling and subsequent inflammatory gene expression. Hydroxylase inhibitors reduce
inflammation in vivo, as they suppress IL1p-induced NFk B activity.

2.6 Mitochondrion and Inflammation

Mitochondria can trigger inflammation, as released mitochondrial DNA is an alarmin.
On the other hand, Toll-like receptors affect the mitochondrial activity. Altered mi-
tochondrial Ca>* handling intervenes in the pathogenesis of metabolic disorders
and cancers. The calcium signal links the endoplasmic reticulum and mitochondria.
Calcium signaling is translated within mitochondria into increased ATP production,
release of apoptotic cofactors, and energetic collapse linked to necrosis [198].

Mitochondrial Ca>* uptake indeed controls both the activity of mitochondrial ma-
trix dehydrogenases of the tricarboxylic acid cycle, thus increasing electron feeding
to the oxidative phosphorylation chain and ATP production, as well as the sensitivity
to apoptotic and necrotic cues. An augmented Ca’>* ion level in the mitochondrial
matrix favor the opening of the permeability transition pore (PTP), hence induc-
ing mitochondrial morphological and functional alterations that lead to apoptosis
and necrosis. Moreover, heightened feeding of electrons to the cellular respiratory
chain by stimulated Ca’>*-dependent matrix dehydrogenases can increase ROS pro-
duction [198]. Reactive oxygen species contribute to the stabilization of the HIF1
factor. Toll-like receptors constitute a family of receptors that includes 10 paralogs
in humans. Upon binding of pathogen-associated molecular patterns (PAMP) of
bacterial, viral, or fungal origin, a signaling cascade is activated that triggers the
transcription of genes encoding inflammatory mediators (e.g., TNFSF1 and IL6). In
addition to microbial PAMPs, TLRs can also sense alarmin (or damage-associated
molecular pattern [DAMP]) released from infected or stressed cells. These TLR lig-
ands comprise nuclear structural components (e.g., HMGDb1), heat shock proteins
(HSP60 and HSP70), and mitochondrial components (e.g., mtDNA). Upon tissue
damage, mitochondrial DNA enriched in unmethylated cytidineP—guanosine (CpG)
oligodeoxynucleotide (CpGODN) motifs is secreted.

Toll-like receptors are not necessarily associated with pro-inflammatory effects,
as small PAMP doses can attenuate inflammatory response to subsequent larger
PAMP doses and to injury, possibly via transcription of genes encoding inhibitors
of the TLR-NFkB pathway [198]. Among TLR ligands capable of initiating an
anti-inflammatory response, unmethylated CpGODN is a potent TLR9 ligand. It
attenuates the acute inflammatory cardiac dysfunction primed by lipopolysaccha-
ride as well as ischemia—reperfusion injury, as it inhibits the NFkB pathway in
ventriculomyocytes [198].
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In addition to the canonical TLR-NFkB axis, an alternative anti-inflammatory
TLR9-launched cascade is activated in parenchymal cells of inflamed tissues [199].
The TLRY receptor temporarily reduces energy substrates and activates AMP-
activated protein kinase (AMPK) to induce cellular protection from stress and obviate
canonical inflammatory signaling.

In immunocytes (e.g., macrophage), the chaperone-like protein Unc93 homolog
Unc93bl1 assists TLRI transfer from the endoplasmic reticulum to the endosomal—
lysosomal compartment, where CpGODN-bound TLRY is cleaved (N-terminus
shedding) [199]. The subsequent immune-prone receptor form then initiates the
canonical MyD88-dependent pro-inflammatory pathway.

In cardiomyocytes and neurons that have a poor regenerative capacity, Unc93b1
is expressed at low levels, and TLR9 is mainly retained in the endoplasmic reticulum
[199]. In this organelle in cardiomyocytes (but not in cardiofibroblasts), CpGODN-
bound TLRY then inhibits the sarco(endo)plasmic reticulum Ca>* ATPase SERCA2,
thus reducing Ca’* transfer from the cytosol to mitochondria and aerobic metabolism,
thereby increasing cell resistance in the inflammation site [199].

In addition, inositol trisphosphate receptor (IP;R), a Ca®* release channel of
the endoplasmic reticulum that enables Ca’>* efflux from mitochondria and Ca*-
dependent stimulation of aerobic metabolism, hence the maintenance of ATP level
and attenuation of AMPK signaling due to an elevated ATP/AMP ratio, also hinders
autophagy [198].%

Therefore, signaling from TLRO protects cardiomyocytes (and neurons among
other cell types) from stress-induced cell death, as it impedes Ca®* influx in
mitochondria and modulates energy metabolism, thereby favoring cell survival.

2.7 Oxidative and Nitrative Stresses and Cardiac Diseases

Oxidative stress results from an imbalance between the production of reactive oxygen
species and scavengers of these toxic intermediates. Oxidative stress is a major con-
tributor to the development of heart failure. Oxidative and nitrative stresses are shared
by many cardiac disorders such as ischemia—reperfusion, among other pathologies.

Reactive oxygen species activate signaling via MAPK modules (i.e., ERKs or
JNKSs). Whereas low ROS concentrations generally stimulate cell proliferation, high
ROS concentrations cause cell apoptosis and death. Low ROS concentrations en-
gender phosphorylation (activation) of ERKs [200]. High concentrations of ROS
provoke phosphorylation (activation) of JINKs. MAP3K11 phosphorylates JNKs and
determines the relative phosphorylation of ERKs and JNKs upon ROS exposure,
promoting JNK activation and lowering ERK activation.

49 Oncogenes reduce the Ca>* level in the endoplasmic reticulum. Cancer-related microRNAs lower
the expression of the mitochondrial Ca** uniporter, thus reducing sensitivity to apoptosis. On the
other hand, tumor suppressors have the opposite effect [198].
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On the other hand, ATP-binding cassette transporter ABCg2+ cells are implicated
in cardioprotection against oxidative stress [201]. Parkinson disease-susceptibility
gene product Park7 is an antioxidant agent. It is highly expressed in the normal
heart, but is markedly reduced in heart failure [202]. In cooperation with P53, it
yields proper capillary density. It also enables adequate mitochondrial genesis.

2.7.1 Altered Posttranslational Modifications of Sarcomeric
Constituents

Oxidative stress disturbs the pump function because of changes in production and/or
function of regulators of cytosolic Ca>* concentration. Cardiodepressant action of
reactive oxygen species depends on posttranslational modifications of sarcomeric
protein and ROS-activated enzymes that regulate cardiac contractility. Oxidation of
actin (Cys374) enables maximum actomyosin ATPase activity and actin filament
sliding velocity [203].

Cycles of sarcomere contraction and relaxation are regulated by between-protein
interactions that lead to Ca®* influx and conversion of chemical energy associated
with ATP into mechanical energy followed by Ca?* efflux. In the healthy heart,
these between-protein interactions are controlled by phosphorylation. In cardiac
disorders, alterations in posttranslational modifications of sarcomeric constituents
cause contractile dysfunction. Myosin heavy chain is a sarcomeric redox sensor.
Redox modifications of myosin heavy chain (Cys697 and Cys707) decrease myosin
ATPase activity [203].

Redox modifications of actin and tropomyosin provoke impaired actin—-myosin
cross-bridge formation and altered actin filament activation by Ca?* ions [203].
Glutathionylation of actin (Cys374) may decrease tropomyosin—actin binding. Oxi-
dation of tropomyosin (Cys190) by ROS leads to dimerization and alters tropomyosin
flexibility and tropomyosin—actin interaction in ischemic pig hearts. Titin scaffold
that recruits signaling mediators is sensitive to reactive oxygen species. Oxidative
stress decreases titin extensibility and increases its passive tension [203]. Desmin,
an intermediate filament protein, forms a network around sarcomeric Z discs, which
links neighboring myofibrils and connects myofilaments to other cellular structures
(nucleus, cytoskeleton, and mitochondria). Oxidized or nitrated desmin accumulates
in insoluble aggregates that disrupt the sarcomeric lattice [203].
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2.7.2 ROS-Dependent Regulation of Sarcomeric Protein
Phosphorylation

Several sarcomeric constituents, such as cardiac troponin-I* and -T,°' cardiac

isoform of myosin-binding protein-C (cMyBPc or MyBPc3), and titin, are phos-
phorylated by ROS-sensitive enzymes (Table 2.13). Therefore, a disturbed intra-
cellular redox state and a shift in the kinase—phosphatase balance can alter cardiac
contractility.

Myosin-binding protein-C bridges myosin and the M-band part of titin. Its
phosphorylation (Ser273, Ser282, and Ser302) by PKA decreases myosin—actin in-
teractions and increases force generation [203]. In addition, PKC38, * PKCe, and
PKD target MyBPc3 (Ser302) to regulate sarcomere contractility.

Phosphorylation of titin (Ser469) by PKA or PKG decreases its passive tension
[203]. Protein kinase-G also phosphorylates titin at other sites, thereby influencing
interactions with its partners, but not its mechanical properties.

Sarcomeric proteins are generally dephosphorylated by PP1 and PP2 protein
phosphatases [203]. The latter colocalizes with cTnnT and cTnnl as well as with
ROS-sensitive enzymes at Z discs (PKCe, PKCt, PAK1, and P3SMAPK).

Oxidative stress typically increases protein phosphorylation, as protein phos-
phatases are inhibited (e.g., PP3) and kinases stimulated (especially PKC and
PKD [203]. However, oxidative stress increases PP1 and/or PP2 activity via ROS-
activated kinases (PKCt, PAK1, and P38MAPK). ROS-activated kinases typically
phosphorylate multiple constituents of the sarcomere.

Oxidative modifications of sarcomeric proteins lead to a decrease in force gen-
eration, whereas sarcomeric protein phosphorylation by ROS-activated enzymes
decreases myofilament Ca’" sensitivity.

2.7.2.1 MAP3KS

Stress-activated ROS-regulated MAP3KS, which abounds in cardiomyocytes, acts
as a redox sensor that controls cell death. Oxidation of thioredoxin-1 dissociates
the MAP3K5-TRx1 and MAP3K5-14-3-3 complexes, hence relieving MAP3K5
inhibition. Then, MAP3KS5 undergoes autophosphorylation and oligomerization
(activation).

30 Troponin-I is phosphorylated (Ser23/Ser24) by PKA upon B-adrenergic receptor stimulation,
enabling positive lusitropy. Protein kinase-G, various PKC isoforms, and PKC-activated enzymes,
such as PP RSK and PKD also target this phosphorylation site. Protein kinase-C phosphorylates
other sites (Ser43/Ser45 and Thr144).

31 Troponin-T phosphorylation (Thr206) by PKC or cRaf decreases maximum force and myofila-

ment Ca>* sensitivity. Both PKC and MAP3KS5 phosphorylate cTnnT at other sites. Protein kinase-A
and -G phosphorylate cTnnl only when anchored to cTnnT.
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Table 2.13 ROS-mediated modifications of cardiac sarcomeric proteins. (Source: [203])

Target Modification Effect
a-Actn Oxidation Longitudinal force transmission |
Actin Oxidation Myosin ATPase activity |,
Actin filament sliding velocity |
TMye-actin binding |
Actin depolymerization }
Desmin Oxidation Myofibrillar disarray, aggregate formation
Proteasome degradation
MHC Oxidation Myosin inhibition
Maximum force |
MyBPc3 Oxidation Contractility |
Phosphorylation | Actin—myosin interaction |,
[PKA, PKC, Force generation |,
PKD]
Titin Oxidation Extensibility |,
Passive tension 1
Phosphorylation | Passive tension |,
[PKA, PKG]
[PKCa]
TMy Oxidation Contractility |,
Flexibility |,
Binding to actin |,
cTnnl Phosphorylation | Calcium dissociation from TnnC 4
[PKA, PKC, Calcium sensitivity |,
PKG, PKD,
POORSK] Relaxation rate 1
[PKC] Maximal force |,
[PKC, STK4] Calcium sensitivity |,
[STK4] Altered conformation
[PAK3] Calcium sensitivity 1
cTnnT Oxidation Contractility |,
Phosphorylation | Maximal force |
[PKC, Raf] Calcium sensitivity |,
[PKC, Phosphorylation potentiation
MAP3KS5]

1 increase, |, decrease, o Actn a-actinin, MHC myosin heavy chain, MyBPcmyosin-binding protein-
C, TMy tropomyosin, Tnn troponin
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Pressure overload or myocardial infarction activate MAP3KS5 via hydrogen per-
oxide (H,O,) or liganded G-protein—coupled receptors that cause ROS accumulation
[203]. Activated cardiodepressant MAP3KS5 contributes to ventricular remodel-
ing, as it stimulates the JNK and/or NFkB pathways. In the sarcomere, MAP3K5
phosphorylates cTnnT (Thr197 and Ser201).

2.7.2.2 STK4

ROS-activated protein Ser/Thr kinase STK4 activates P38MAPK and JNK as well
as caspase-dependent mechanisms that trigger apoptosis. It phosphorylates cTnnl
(Thr32, Thr52, Thr130, and Thr144) and cTnnT, thereby influencing binding affinity
of ¢Tnnl for cTnnT and ¢cTnnC [203].

2.7.2.3 PKA

Protein kinase-A regulates cardiac contractility, myocardial metabolism, and gene
expression. Heterotetrameric PKA holoenzyme remains inactive due to 2 ubiquitous,
cAMP-binding regulatory subunits that target PKA to different subcellular compart-
ments using PKA-anchoring proteins. In general, PKA activation results from the
AR-cAMP pathway that dissociates inhibitory subunits.

Oxidation (Cys199) of ROS-dependent PKA, which assists dephosphorylation
(Thr197), decreases PKA catalytic activity [203]. Its substrates comprise cTnnl
(Ser23/Ser24). In fact, low-intensity oxidant stress amplifies PKA response, as
it inactivates phosphatases that counteract PKA; high-magnitude oxidative stress
inactivates PKA [203].

In cardiomyocytes subjected to oxidative stress, particularly during short-duration
ischemia and reperfusion, expression of A-kinase-interacting protein AKIP1°? is
upregulated [204]. It protects against ischemic injury via enhanced mitochondrial
integrity. Scaffold AKIP1 interacts with mitochondrial apoptosis-inducing factor
(AIF),3 which acts both in mitochondria and the nucleus, under normal conditions
as well as oxidant stress, and increases PKA activity. Other PKA substrates, Drp1 and
ChChD3, participate in the maintenance of mitochondrial integrity. Another PKA
substrate, ATP synthase-a, limits AIF translocation into the nucleus during oxidant
stress.

32 In humans, AKIP1 has 3 splice variants, full-length protein (AKIP1a), a subtype encoded by a
transcript lacking exon 3 (AKIP1b), and another by a transcript lacking exon-3 and -5 (AKIPIc).
Isoform AKIP1b recruits the histone deacetylase sirtuin-1 upon neddylation that represses gene
transcription. On the other hand, AKIP1a recruits NFi B in a PKA-dependent manner and enhances
gene transcription. In the nucleus, AKIP1 enhances the PKA-NFk B—SIRT1 axis. Another role takes
place at mitochondria.

33 In mitochondria, the apoptosis-inducing factor may stabilize ET°complex-I. This death effector
is released from mitochondria and translocates to the nucleus. In the nucleus, it causes chromatin
condensation and DNA fragmentation. Protein AKIP1 interacts with AIF and sequesters AIF to
mitochondria, thereby preventing cell death.
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2724 PKC

Protein kinase-C are activated by growth factors via the PLC-DAG pathway. Conven-
tional PKCa, PKCB1, PKCB2, and PKCy are diacylglycerol- and calcium-sensitive
isoforms. In cardiomyocytes, novel PKCs that include PKC8 and PKCe isozymes
bind to lipids such as diacylglycerol. Atypical PKCg and PKCi connect to PI(1,4,5)P;
or ceramide, but not diacylglycerol.

Oxidation mediated by reactive oxygen species activates PKC by relieving au-
toinhibition [203]. In addition, ROS-dependent phosphorylation by Src (Tyr311)
specifically activates PKC3 (but not other PKC isoforms). Whereas allosterically
activated PKC3 phosphorylates cTnnl at a single Ser cluster (Ser23/Ser24), ROS-
activated PKC3 phosphorylates cTnnl also at a Thrresidue (Ser23/Ser24 and Thr144),
in addition to cMyBPc substrate. Phosphorylated PKC8 by Src reduces maximum
tension and cross-bridge kinetics [203].

2.7.2.5 PKD

Diacylglycerol activates PKD, as it drives PKD phosphorylation (Ser744 and Ser748)
by novel PKCs; PKD then autophosphorylates (Ser916). Its substrates include cTnnl
(Ser23/Ser24) and cMyBPc (Ser302). Protein kinase-D accelerates cross-bridge
kinetics via phosphorylated cMyBPc [203].

Oxidative stress stimulates PKD via successive actions of protein Tyr kinases Abl
(Tyr463) and Src (Tyr95) followed by that of ROS-activated PKC3 [203].

2.7.2.6 PKG

The stimulated NO-cGMP axis causes a conformational change that relieves au-
toinhibition, thereby activating homodimeric PKG enzyme. Isoforms PKGla and
PKGIp are alternatively spliced variants, whereas PKG2 is encoded by a different
gene. In cardiomyocytes, PKG1 is the major subtype. Isoform PKG1a binds cGMP
with a tenfold higher affinity than PKG1p variant.

Whereas PKG1p is not ROS-sensitive, PKGla experiences a ROS-regulated
dimerization [203]. Dimer PKGla accumulates during oxidative stress. Agents
¢GMP and ROS increase the kinetics of PKGla reaction with and affinity for its
substrates such as cTnnl, respectively.

2.7.3 Nitrative Stress

Calcium-dependent nitric oxide synthases synthesize nitric oxide in cardiomyocytes,
endocardial and coronary endotheliocytes, and cardiac neurons.
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2.7.3.1 Nitric Oxide

Nitric oxide participates in the regulation of coronary vasodilation, inhibition of
platelet activation and neutrophil adhesion as well as cardiac oxygen consumption,
and modulation of cardiac contractility. Nitric oxide stimulates soluble guany-
late cyclase and cGMP-dependent protein kinase-G to decrease cytosolic Ca’*
concentration.

In addition, NO contributes to the termination of lipid radical reactions caused
by oxidative stress, thereby protecting against ischemia [205]. Nitric oxide interacts
with components of the mitochondrial electron transport chain, hence modulating
the generation of reactive oxygen species by mitochondria.

Yet, at high concentration, or in the presence of reactive oxygen species, NO can
exert cytotoxic effects via the formation of peroxynitrite (ONOO™), thereby causing
myocardial and vascular dysfunction associated with oxidative and nitrative stresses
[205].

2.7.3.2 Peroxynitrite

Peroxynitrite primes apoptosis of cardiomyocytes and vascular endothelial and
smooth muscle cells, attenuates cardiomyocyte contractility, and irreversibly in-
hibits the mitochondrial electron transport chain (Table 2.14) [205]. The myofibrillar
isoform of creatine kinase, an energetic controller of cardiomyocyte contractility, un-
dergoes a peroxynitrite-induced nitration (inactivation). Peroxynitrite also inactivates
myocardial aconitase, an enzyme of the citric acid cycle that resides in mitochondria
and cytosol. Furthermore, myocardial a-actinin, which is used in the maintenance
of the Z line and integrity of sarcomeres, and sarcoplasmic reticulum Ca** ATPase
are subjected to peroxynitrite-induced nitration. Peroxynitrite activates ERK, which
is linked to heart hypertrophy, and inhibits NFkB, activation of which is triggered
by inflammatory stimuli. Moreover, it increases the density of adhesion molecules
on the endothelial wetted surface.

2.7.4 Sympathovagal Imbalance

Reactive oxygen and nitrogen species, such as superoxide (O37), free radical ni-
tric oxide (NO®), and peroxynitrite (ONOO™), contribute to cardiac sympathovagal
imbalance in the brainstem and peripheral cardiac neurons as well as cardiomy-
ocytes, which all experience oxidative stress [206]. Nitric oxide depresses the
sympathetic activity. Sympathetic hyperactivity and parasympathetic hypoactivity
observed in many cardiovascular diseases can trigger arrhythmias. Noradrenaline
causes endothelium-dependent relaxation via stimulation of endothelial a1- and o2-
adrenoceptors, thereby counteracting its vasoconstrictory effect. Enzyme NOS?2 is
expressed throughout the central and peripheral nervous system. Nitric oxide is a
neurotransmitter in both the central and peripheral autonomic nervous systems that
can modulate levels of sympathetic nerve activity and subsequently blood pressure.
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Table 2.14 Selected effects of peroxynitrite in the cardiovascular apparatus. (Source: [205])

Inhibition of BH4-dependent, NAD-dependent, antioxidant enzymes
Depletion of antioxidants (e.g., glutathione, cysteine)

Uncoupling of NO synthase (production of O; rather than NO)
Increased lipid peroxidation

Impairment of mitochondrial respiration and energy metabolism (inactivation of cytochromes
and NADH-CoQ1 reductase)

Promotion of Ca’>"-dependent mPTP opening

Inhibition of myocardial aconitase

Inactivation of myofibrillar creatine kinase (impairment of contractility)
Inactivation of a-actinin in cardiomyocytes

Inactivation of SERCA in cardiac and vascular smooth myocytes (Ca>* dysregulation)

Alteration of al-, B1-, and B2-adrenoceptors, vasopressin Vi, and angiotensin receptors

Activation of ERK kinases
Activation or inhibition of NFkB
Nitration of PKCe (promoting translocation and activation)

Activation or inactivation of Katp channel
Inactivation of Ky and K¢, channels in coronary arterioles

Alteration of vascular relaxation
Inactivation of prostacyclin synthase

Upregulation of adhesion molecules in endotheliocytes
Endothelial glycocalyx disruption
Enhanced neutrophils adhesion

Pro- or antiaggregatory effects on platelets depending on context

Activation of myocardial matrix metallopeptidases (Sglutoxidation of prometallopeptidases)

Apoptosis of cardiomyocytes, vascular endothelial and smooth muscle cells

ATn2 angiotensin-2, BH, tetrahydrobiopterin, CoQ coenzyme Q [ubiquinone, NADH-CoQ
reductase is the electron transport chain complex-I], mPTP mitochondrial permeability transi-

tion pore, NFkB nuclear factor-kB, NO nitric oxide, PARP poly*PPribose polymerase, SERCA

sarco(endo)plasmic reticulum Cat™ ATPase

It has a sympathoinhibitory effect on the paraventricular nucleus, nucleus of the
solitary tract (NTS), rostral ventrolateral medulla, carotid body, and renal nerves
(Table 2.7). It can increase the sympathoinhibition exerted by y-aminobutyric acid
and decrease sympathoexcitation yield by angiotensin-2 and glutamate [142].54
Nitric oxide is not only an inhibitor of sympathetic nerve activity, but also a mod-
ulator of vasoconstriction exerted by angiotensin-2 and vasopressin in regional blood

3% Glutamate released from the presynaptic neuron activates GluN; ("MPAGlu) receptor and pro-
vokes a calcium influx that stimulates NOS2 linked to DLg4 anchoring protein attached to GluN;
via calmodulin. Nitric oxide produced in the postsynaptic neuron can then diffuse to the presynaptic
neuron or neighboring cells (neurons or astrocytes) to activate SGC that synthesizes cGMP (in both
pre- and postsynaptic neurons) [142]. Messenger cGMP can then influence activity of ion channels,
phosphodiesterases, and protein kinases.
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circulation. Neuronally produced NO plays a more important role than endothelially
synthesized NO in some regional vascular beds. Neuronal NO inhibition of nora-
drenaline release is stronger in small arteries. Neuronal NO can regulate regional
blood flows at the supraspinal, spinal, and ganglionic levels. In rats, nitric oxide
suppresses sympathetic vasoconstriction in the mesentery and kidney at the spinal
level and in hindquarters at supraspinal and ganglionic levels [207].

2.8 Myocarditis

Myocarditis is an an acute or chronic inflammation of the myocardium associated
with the immune response to a viral (mainly enteroviral coxsackievirus-B3, aden-
ovirus, parvovirus-B, and human herpes virus), bacterial, or protozoan infection, or
hypersensitivity, autoimmunity, or cardiotoxicity.

2.8.1 Viral Myocarditis

Myocarditis is mainly caused by viral infections or autoimmune reactions. Two
cardiac-enriched miRNAs, miR208b and miR499-5p, are specifically elevated in
patients with acute viral myocarditis [237]. They reflect disease severity, as they are
correlated with troponin-T levels and ejection fraction.

2.8.2 Cardiac Cell Interactions In Myocarditis

Cytotoxic T lymphocytes and natural killer cells destroy infected cardiomyocytes,
whereas innate immunity cells, such as neutrophils, macrophages, and mastocytes,
contribute to cardiac damage via ROS overproduction. Uncontrolled inflammation
causes cardiac wall stiffening and impaired contractilility, and can lead to dilated
cardiomyopathy.

Early after infection, cardiomyocytes expose on their plasma membrane the viral
antigens complexed with class-I major histocompatibility complex molecules. The
MHC-AG complex is recognized by T-cell receptors that trigger leukocyte-activation
signaling. The subsequent massive release of soluble factors by cardiomyocytes and
immunocytes contribute to attract leukocytes to the infected myocardium.

Numerous signaling pathways operate in cardiomyocytes and leukocytes in my-
ocarditis (Table 2.15). In viral myocarditis, immunocytes are actively recruited to
the myocardium by MHC-antigen complexes exposed on the membrane of infected
cardiomyocytes. Once they are recruited, cytotoxic T lymphocytes and NK cells
eliminate infected cardiomyocytes, whereas macrophages and mastocytes exacer-
bate cardiac injury via uncontrolled ROS production or indirectly via stimulation of
cytokine secretion by cardiomyocytes [69].
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Table 2.15 Signaling pathways associated with cardiomyocyte-leukocyte communication in
myocarditis (Source: [69])

Signaling in Mediator Effect Signaling in leukocytes
cardiomyocytes
1L6 CCL2, TNFSF1, IL10 Immunity
activation
Virus CCL2 Macrophage CXCR2
and neutrophil
recruitment
Ifny CXCL10 Macrophage, CXCR3
T- and NK-cell
recruitment
Osteopontin T-cell expansion and recruitment
CAR-INK-P38MAPK-ERK1/2 and CAR-B Ctnn| Macrophage and T- and NK-cell recruitment

CAR coxsackie- and adenovirus receptor, Ctnn catenin, ERK extracellular signal-regulated protein
kinase, Ifn interferon, /L interleukin, JNK Jun N-terminal kinase, MAPK mitogen-activated protein
kinase, TNF tumor-necrosis factor

Several proinflammatory cytokines (TNFSF1, IL18, IL6, and Ifny) as well as
anti-inflammatory agents (e.g., IL10) are secreted in the myocardium early after
viral infection [69].

Interkeukin-6 that has a proinflammatory function in the acute phase of viral
myocarditis operates as an inhibitor of TNFSF1 that reduces the production of the
CCL2 chemoattractant and the immunomodulatory IL10 cytokine, thereby limiting
immunocyte recruitment and anti-inflammatory signaling. Infected cardiomyocytes
partly orchestrate the IL6-dependent regulation of the immune responses to viral
invasion.

Cardiomyocytes overexpress the CXCL10 chemokine, thereby priming an early
immune response, recruiting macrophages, T lymphocytes, and NK cells, and lim-
iting viral replication [69]. On the other hand, overexpression by cardiomyocytes of
osteopontin that promotes cytotoxic T lymphocyte activation and expansion leads to
chronic myocarditis [69].

On the cardiomyocyte membrane, the coxsackievirus and adenovirus receptor,
a member of the immunoglobulin superfamily, enables the entry of viruses. It also
triggers the production of several inflammatory mediators (TNFSF1, IL1g, IL6,
IL12, Ifny, and CCL2), thereby allowing infiltration of macrophages, T lymphocytes,
and NK cells. It also permits disruption of cardiomyocyte adherence junctions and
activation of p-catenin hypertrophic signaling [69].



Chapter 3
Adverse Cardiac Remodeling

Adverse cardiac remodeling results usually from abnormal cardiac load or injury,
that is, upon and/or after

» pressure overload (e.g., due to aortic stenosis [Chap. 6] and hypertension [Vol. 8,
Chap. 4. Hypertension]);

* myocarditis (Sect. 2.8);

» cardiomyopathies (Chap. 4);

» valvular regurgitation and subsequent volume overload (Chap. 6); and

* myocardial infarction (Chap. 8).

Although the etiology and time course of events differ, these diseases share sev-
eral chemical and mechanical processes [208]. Maladaptive cardiac remodeling is
influenced by hemodynamic load and neurohumoral stimulation. Adverse cardiac re-
modeling can be defined as an altered genomic expression that provokes molecular,
cellular, and interstitial changes (Table 3.1; [208, 209]).

The cardiomyocyte is the major cell involved in the pathological remodeling.
Other implicated components include fibroblasts as well as the interstitium with col-
lagen fibers and coronary vasculature. Relevant processes encompass ischemia and
subsequent cell apoptosis and necrosis. Clinical manifestations comprise variations
of size, shape, and function.

Processes occurring in ventricular remodeling include [208]:

. Cardiomyocyte lengthening, hypertrophy, and loss

. Inflammation

. Excessive accumulation of collagen in the cardiac interstitium

. Ventricular wall thinning and dilation and reshaping of the left ventricle that
becomes more spherical

5. After myocardial infarction, reabsorption of necrotic tissue, scar formation, and

continued infarct expansion rather than extension

AW N =

The neurohormonal context implicates especially the sympathetic nervous system
and the renin—angiotensin axis as well as oxidative stress that describes the imbal-
ance between production and/or activity of oxygen-derived free radicals and those
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Table 3.1 Cellular changes
during maladaptive cardiac

remodeling. (Source: [209]) Myocytes Hypertrophy, lengthening

Wall constituent | Changes

Reexpression of fetal gene program

Altered excitation—contraction coupling

Impaired energy metabolism

Defective myofibrillar content and function

Apoptosis, necrosis

Vasculature Endothelial dysfunction

Intimal thickening

Smooth myocyte hyperplasia

Rarefication of capillaries

Interstitium Activation of matrix metallopeptidases

Increased collagen synthesis, fibrosis

Collagen isoform shift

of antioxidant factors. Various substances are involved, such as noradrenaline, al-
dosterone, renin, angiotensin-2, potent vasoconstrictor endothelin, atrial natriuretic
peptide, nitric oxide, and cytokines (tumor necrosis factor TNFSF1 and interleukins).

The myocardium consists of myocytes tethered and supported by a connective
tissue composed largely of fibrillar collagen. When cardiomyocytes stretch, the local
activity of noradrenaline, angiotensin-2, and endothelin rises, thereby provoking
adverse myocyte hypertrophy. In addition, fibroblasts proliferate. They synthesize
and degrade the extracellular matrix. Moreover, elevated activation of aldosterone
and cytokines can also stimulate collagen synthesis, thus engendering fibrosis. On
the other hand, collagenase present as an inactive proenzyme in the cardiac wall can
be activated after myocardial injury [208].

Cardiac dilation can happen without hypertrophy. Myocardial stress then increases
and can generate further dilation of the heart.

Adverse cardiac remodeling causes a progressive worsening of cardiac function
and then heart failure. Hence, therapy is aimed at slowing and even reversing mal-
adaptive remodeling, thus enhancing cardiac function (end-diastolic and end-systolic
volume and ejection fraction). The antineuroendocrine therapy with angiotensin-
converting enzyme inhibitors and B-adrenergic blockers improve ejection fraction
and ventricular volumes [209].

Cardiac-impaired structure with inflammation, oxidative stress, and remodeling
(fibrosis) and ventricular dysfunction is also observed during the development of
cardiomyopathies.
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3.1 Cardiac Fibrosis

Fibrosis affects the architecture and structure of the heart. It arises during cardiac
remodeling. Fibrosis is the feature of numerous types of cardiomyopathies (e.g., hy-
pertrophic and inflammatory cardiomyopathies). Myocardial fibrosis can engender
diastolic (abnormal left ventricular filling and reduced compliance and elevated dias-
tolic pressure) and/or systolic dysfunction and ultimately heart failure. Inflammation
and fibrosis are correlated with diastolic dysfunction in heart failure with a preserved
ejection fraction.

Fibrosis is mainly engendered by collagen-secreting myofibroblasts, which orig-
inate not only from cardiofibroblasts but also from other cell sources, such as
endothelial and circulating cells.

Fibroblasts are pleiomorphic and pleiotropic cells of connective tissues responsive
to numerous profibrotic factors. Conversely, cardiac fibrosis triggers endothelial—
mesenchymal transition that contributes to about 30 % of activated fibroblasts.

Cardiofibroblasts ensure the maintenance of the extracellular matrix, as they
modulate the production of matrix constituents (e.g., collagen-1 and collagen-3 to
collagen-6) and degraders (e.g., matrix metalloproteinases). They also secrete growth
factors and cytokines that exert auto- and paracrine effects on cell fate (e.g., prolifer-
ation and apoptosis). Under pathological conditions, in response to proinflammatory
cytokines (e.g., TNFSF1, IL1, IL6, and TGFp), cardiofibroblasts have a higher pro-
liferation, migration, and differentiation rate and secrete more collagens, MMPS,
and cytokines. These agents contribute to the development of perivascular and inter-
stitial fibrosis. Cardiofibroblasts contribute to cardiac fibrosis via many synergistic
factors (e.g., ATn2, ET1, TGFg, and CTGF).

Collagen production and collagen fiber formation involve multiple stages. Fol-
lowing assembly into a triple helix structure, procollagen is transported in specialized
CoP2+ vesicles and secreted into the extracellular space. Procollagen is then pro-
cessed by peptidases that cleave the N- and C-propeptide-forming collagen that
self-assembles into fibrils.!

For example, once secreted, procollagen-1 is converted to mature collagen-1
by adamlysin with thrombospondin motifs ADAMTS?2 that excises the N-terminal
propeptide to generate PCcollagen-1 and by bone morphogenic protein BMP1 that
excises the C-terminal propeptide to produce PNcollagen-1 [211]. The collagen on pri-
mary murine dermal fibroblast surfaces comprises four forms: procollagen-1, °* and
PNeollagen-1, and collagen 1. In some cases, propeptides are retained following
incorporation into fibrils.

Procollagen lysine (1,2)-oxoglutarate 5-dioxygenase PLODI (or lysyl hydrox-
ylase LH1) converts lysine into hydroxylysine and lysyl oxidase (LLOx) catalyses

! The a1 and a2 subunits of procollagen-1 are synthesized from N- and C-propeptides enzymatically
released by specific peptidases. The absence of processing of propeptides of procollagen-1 following
incorporation into fibrils (diameter 2040 nm) as well as premature processing of N-propeptide in
procollagen-1 precludes fibril fusion and limits expansion.
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cross-linking of collagen fibrils and formation of collagen fibers via oxidative
deamination of lysine and hydroxylysine.

The matricellular proteins,? secreted protein acidic and rich in cysteine (SPARC)?
and secreted phosphoprotein 1 (SPP1),* are major contributors to posttranslational
modification, stabilization, and deposition of collagen in the heart.

Collagen-binding SPARC is produced by cardiofibroblasts. It is required for ag-
gregation of collagen fibrils (diameter 60—70 nm), an intermediate step in collagen
fiber assembly [212]. It mediates the tethering of procollagen-1 to cells as well as its
subsequent processing and incorporation into the extracellular matrix. In the absence
of SPARC, the amount of cell surface-associated collagen and the proportion of total
collagen-1 without propeptides on SPARC-null fibroblasts increase [213].

Secreted acidic phosphoglycoprotein SPP1 functions in tissue repair, matrix
organization, and collagen fibrillogenesis. It intervenes in the development of
collagen-1-induced cardiac fibrosis and dysfunction in human dilated cardiomyopa-
thy [214]. Collagen-1 upregulates SPP1 expression, but not fibronectin, laminin, or
vitronectin [215]. It is detected in atherosclerotic plaques. It connects to collagen-
1 to -3 and -5 synthesized by vascular smooth myocytes as well as collagen-4
in basement membranes [216]. It is targeted by widespread intra- and extra-
cellular Ca?*-dependent tissue transglutaminase that catalyzes the formation of
high-molecular-mass complexes of its proteic substrates, as it cross-links glutamine
and lysine residues [216]. As is SPARC, SPP1 is linked to fibrosis. In SPP1~/~
mice, angiotensin-2-induced myocardial fibrosis is hindered. On the other hand,
the cytokine IL1f potentiates angiotensin-2-induced SPP1 expression by fibroblasts.
Macrophages and neutrophils also produce SPP1.

3.1.1 Differentiation of Cardiofibroblasts into Myofibroblasts

Fibroblasts originated from diverse organs are heterogeneous according to size,
shape, proliferative capacity, growth factor production rate, and collagen secretion
rate.

Fibroblasts represent the most numerous cardiac cell type. Myofibroblasts ap-
pear in pathological conditions. Fibroblast differentiation is caused by the cytokine

2 That is, linked to the extracellular matrix, but not structural matrix components.

3 A k.a. basement membrane protein BM40 and osteonectin. It is involved in the regulation of cell
proliferation and migration as well as growth factor and matrix metallopeptidase activity [211].
It binds to collagen-1 to -5. It influences basal lamina assembly via collagen-4. It is cleaved by
MMPs. It has a counteradhesive activity, as it interferes with cell-matrix interactions and affects
integrin-linked kinase action. It also has antiproliferative activity in cell cultures [212]. SPARC
binds nascent monomeric collagen-1 and/or procollagen-1 and delays its incorporation into nascent
fibrils until propeptide processing and/or engagement of proteoglycans (e.g., fibromodulin, lumican,
and decorin) occur in a precise spatial and temporal sequence in the pericellular space [211].

4 A k.a. osteopontin.
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transforming growth factor-g1 (TGFp-1) produced by inflammatory cells and
mechanical stress.

Differentiation of cardiac fibroblasts into myofibroblasts supports collagen depo-
sition and connective tissue construction during myocardial remodeling. It is also
involved in augmented production of angiotensin by angiotensin convertase ACE1.

Differentiation of cardiofibroblasts consists of two stages [217]:

1. Differentiation to protomyofibroblasts with Sactin polymerization into Factin
stress fibers

2. Further differentiation into myofibroblasts in which stress fibers are decorated
with a-smooth muscle actin (SMA)

Polymerization of stress fibers prevents sequestration of myocardin-related transcrip-
tion factors in the cytosol by globular actin. In addition, TGFg1 and the RoCK kinase
increase the Factin/Cactin ratio, thereby favoring MRTF translocation to the nucleus.
Inside the nucleus, MRTFs support activation of a-SMA synthesis [217]. Suppres-
sion of a-SMA diminishes arrhythmias in cardiomyocytes cocultured with cardiac
myofibroblasts.

Adult rat cardiac fibroblasts cultured on a stiff plastic substratum spontaneously
differentiate to proliferating myofibroblasts characterized by stress fibers connected
to a-SMA [217].

Fibroblasts in collagen matrices do not exhibit any contraction, whereas quiescent
and proliferating myofibroblasts contract. Developed cell tension can provoke TGFg 1
production. Transforming growth factor-f1 promotes differentiation into a-SMA+
quiescent myofibroblasts via the TP R1 receptor [217].

Fibroblasts produce small amounts of collagen, but high levels of interleukin-
10 [217]. Quiescent myofibroblasts synthesize collagen, tissue inhibitor of met-
alloproteinases TIMP1, and the CCL2 chemokine at high concentrations. The
transcriptome shows that different gene networks are activation in myofibroblasts
(e.g., paxilin and PAK) and quiescent myofibroblasts (cell cycle regulators) [217].
In particular, MRTFa required for activation of myofibroblast differentiation is dis-
tinctly regulated in fibroblasts and quiescent and proliferating myofibroblasts. The
expression of MRTFa is low in quiescent myofibroblasts [217].

Dedifferentiation of proliferating myofibroblasts associated with stress fiber de-
polymerization, but not of quiescent myofibroblasts, results from TP R1 receptor
inhibition and mechanical strain reduction [217]. Loss of strain in the culture
medium also reduces a-SMA expression in noncardiacmyofibroblasts and collagen- 1
production.

3.1.2 Profibrotic Signaling

Cardiac fibrosis is characterized by fibroblast proliferation, migration, and differen-
tiation and extracellular matrix turnover.
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3.1.2.1 Selective Atrial Fibrosis by TGFp

Selective atrial fibrosis relies on TGFB. The latter is an important activator of
chemokines, thereby attracting monocytes into the cardiac wall. When the TGFp
production increases to a similar level in both atrio- and ventriculomyocytes, only
the atria respond to TGFp by interstitial fibrosis, although levels of signaling medi-
ators (TP Rs, SMADs, and AP1) are similar in atria and ventricles [218]. Atria are
indeed characterized by an enhanced receptor binding and receptor kinase activity
and hence phosphorylation of SMAD2 and SMAD3 as well as reduced synthesis of
inhibitory SMAD7 with respect to ventricles [218].

Improved TGFB1-TB R1/2 connection is favored by increased expression of con-
nective tissue growth factor, TP R3 (endoglin), and atrial natriuretic peptide [219].
The enhanced activation of TP R together with lowered SMAD7 expression increase
receptor-regulated SMADs and their phosphorylation.

Receptor-regulated rSMADs subsequently complex with SMAD4, move into the
nucleus, and bind to target genes. Many genes are differentially expressed in atria and
ventricles, among which those that encode mediators of fibrosis (e.g., collagen and
other matrix proteins, [218]). Other AP1-regulated genes (e.g., COLI, FN1, PAll,
and LOX) are upregulated in the atria, but not in the ventricle.

3.1.2.2 Platelet-Derived Growth Factor-D

Platelet-derived growth factor-D and its receptor PDGFR, which is primarily ex-
pressed by fibroblasts, are implicated in the development of cardiac fibrosis [220].
The profibrogenic action of PDGFd is mediated by activation of the TGFg1 pathway.
Moreover, TGFB1 exerts a positive feedback on PDGFd synthesis.

The PDGFd subtype augments [220]:

* Cardiofibroblast proliferation and myofibroblast differentiation

* Synthesis and secretion of collagen-1, matrix metallopeptidases (MMP1-MMP2
and MMPY) and their inhibitors (TIMP1-TIMP2)

* TGFg1

3.1.2.3 Vascular Endothelial Growth Factor-C (VEGFc)

The vascular endothelial growth factor subtype VEGFc is involved in lymphangio-
genesis (Vol. 5, Chap. 10. Vasculature Growth). In addition, the VEGFc—VEGFR3
axis participates in fibrogenesis during cardiac repair. The VEGFR3 receptor is
expressed not only in lymph ducts but also in myofibroblasts.

The VEGFc isoform activates the TGFB1 pathway and primes ERK phosphory-
lation, promotes myofibroblast proliferation and migration as well as production of
collagen-1 and -3, matrix metallopeptidases MMP2 and MMP9, and tissue inhibitor
of metallopeptidases TIMP1 and TIMP2 [221].
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3.1.2.4 Tissue Inhibitors of Metallopeptidases

Tissue inhibitors of metallopeptidases and hence the TIMP-MMP balance participate
in adverse myocardial remodeling (hypertrophy and fibrosis) as well as termination
of the immune response [222]. Cardiac pressure overload provokes severe cardiac
fibrosis and hypertrophy in mice lacking TIMP2 and TIMP3, but not in TIMP4 [223].

Among tissue inhibitors of matrix metallopeptidases, antihypertrophic TIMP2 and
antiinflammatory, antifibrotic TIMP3 differ in their action in adverse cardiac remod-
eling engendered by the fibrogenic and hypertrophic messenger angiotensin-2 [223].
In response to angiotensin-2 infusion during 2 weeks, TIMP2~/~, TIMP3~/~, and
wild-type (WT) mice still have a preserved left ventricular ejection fraction. How-
ever, both TIMP2~/~ and TIMP3~/~ mice are characterized by left ventricular
diastolic dysfunction. Furthermore, TIMP2~/~ mice exhibit an impaired relaxation
and a larger degree of myocardial hypertrophy without fibrosis, whereas TIMP3~/~
mice have an increased left ventricular stiffness and inflammation associated with
an excessive fibrosis without hypertrophy.

Adult wild-type mouse cardiomyocytes undergo hypertrophy upon angiotensin-2
exposure only when cocultured with cardiofibroblasts, except in TIMP3~/~ car-
diomyocytes [223]. Inflammation and fibrosis characterize cultures of quiescent and
cyclically stretched cardiofibroblasts of TIMP3~/~ hearts. Fibrosis results from col-
lagen deposition by the matrix proteins SPARC and SPP1 (Sect. 3.1). On the other
hand, attenuated collagen deposition in TIMP2~/~ hearts exposed to angiotensin-2
is associated with reduced levels of the cross-linking enzymes lysyl oxidase and
procollagen-lysine (1,2)-oxoglutarate 5-dioxygenase PLOD1 [223].

Expression of TIMP1 increases upon angiotensin-2 infusion. Elevated TIMP1
levels are frequently linked to fibrosis. However, its augmentation in TIMP2~/~
angiotensin-2-subjected hearts does not cause marked fibrosis despite an elevated
collagen mRNA level with respect to excessive fibrosis in TIMP3~/~ hearts with-
out increased synthesis of collagen. In cultured quiescent mouse cardiofibroblasts,
angiotensin-2 usually induces collagen production. However, TIMP2 raises colla-
gen production by cardiofibroblasts and TIMP3 provokes cardiofibroblast apoptosis
[223].

TIMP2 is the main inhibitor of MMP2 that degrades inflammatory and profi-
brotic cytokines, thereby favoring inflammation and fibrosis. Both LOx and PLOD1
elicit collagen cross-linking and fibre formation; their level lowers in TIMP2~/~
angiotensin-2-subjected hearts [223].

The TIMP3 subtype is the single TIMP species that can inhibit ADAM17 sheddase,
hence reducing activity of proinflammatory cytokines (e.g., TNFSF1 and IL6), as
well as HER ligands (TGFa, amphiregulin, and HBEGF) via P3SMAPK, ERK1 and
ERK2 pathways. In addition, it attenuates action of profibrotic TGFp and of collagen
cross-linking stimulators SPARC and SPP1, thereby preventing the posttranslational
processing and deposition of collagen fibers and hence the perivascular and interstitial
myocardial fibrosis.
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3.1.2.5 Eicosanoids and Their Inhibitors

Eicosanoids are potent modulators of immunity. They derive from arachidonic acid
processed by cyclooxygenases, lipoxygenases, and cytochrome-P450 epoxygenases.
The latter generates cardioprotective epoxyeicosatrienoic acids (EET) that act as
auto- and paracrine effectors. However, EETs are further metabolized by soluble
epoxide hydrolase into corresponding dihydroxyeicosatrienoic acids (DHET).

Myocardial infarction causes cardiomyocyte necrosis and adverse cardiac remod-
eling with fibrosis. Several soluble epoxide hydrolase inhibitors of postinfarction
cardiac remodeling improve the cardiac function, as they impede structural (cardiac
fibrosis and adverse hypertrophy) and electrical remodeling [224]. The proliferative
capacity of different populations of cardiofibroblasts as well as recruitment of fibrob-
lasts originated from circulating bone marrow-derived cells assisted by chemokines
(e.g., CCL2) drop.

3.1.3 Fibrosis and Between-Cell Crosstalk

Intercellular communication between several cardiac and recruited cell types is
involved in fibrosis, in particular crosstalk between cardiac myocytes and fibroblasts.

Fibroblasts are a regulating and secreting cell type that is not only implicated in
maintaining the extracellular matrix of myocytes but also in their fate. In particuler,
the cytokines TNFSF1 and IL6 secreted from fibroblasts can cause cardiomyocyte
hypertrophy and may modulate their electrophysiological behavior and contractility.

Moreover, cellular communication can change the cardiac cell phenotype, espe-
cially during fibrosis. An endothelial-mesenchymal transition generates fibroblasts
using Snail transcription factor in endotheliocytes.

Furthermore, endotheliocytes can release connective tissue growth factor (CTGF)
that provokes fibrosis, as it engenders the change from quiescent fibroblasts to
secreting myofibroblasts.

3.2 Maladaptive Myocardial Hypertrophy

Maladaptive, or adverse, myocardial remodeling occurs in response to sustained hy-
pertension, myocardial infarction, and exposure to infectious or cardiotoxic agents.
Hypertensive heart disease corresponds to left ventricular hypertrophy caused by
prolonged arterial hypertension. Although the left ventricle is a major target, the
right ventricle is involved in structural congenital heart defects with pulmonary
valve stenosis, pulmonary arterial hypertension, in addition to cardiomyopathy and
ischemic heart disease.
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Inflammation (Vol. 5, Chap. 11. Tissue Growth, Repair, and Remodeling) and
fibrosis that occur during myocardial remodeling contribute to cardiac dysfunc-
tion. Fibrosis corresponds to an excessive formation of fibrous connective tissue
as a reactive process. Aggravation results from a defective neurohumoral control (
sympathetic nervous regulation and renin—angiotensin—aldosterone signaling; Vol. 8,
Chap. 4. Hypertension).

Hypertensive myocardium is characterized by structural changes of cardiomy-
ocyte and matrix, such as cardiomyocyte hypertrophy and excessive apoptosis,
accumulation of interstitial and perivascular collagen fibers, and disruption of
endomysial and perimysial collagen network.

This pathological remodeling facilitates the development of heart failure. Progres-
sion to cardiac failure is exhibited by increase in relative lung and right ventricular
weights, cardiac function disorders, and overexpression of type-A and -B natriuretic
peptides.

3.2.1 Cardiac Cell Interactions in Maladaptive Cardiac
Hypertrophy

Cardiac hypertrophy is related to two distinct biological process, compensatory
(physiological) and deleterious (pathophysiological) cardiac hypertrophy. The
molecular mechanisms underlying different forms of hypertrophy depend on the
type of stress and subsequent signaling. The PI3K-PKB-TOR cascade is prefer-
entially activated in exercise- and IGF1-dependent adaptative hypertrophy (Vol. 5,
Chap. 5. Cardiomyocytes). On the other hand, activation of the PP3 and MAPK
pathways is related to adverse cardiac hypertrophy in response to pressure overload.

In adverse cardiac hypertrophy, an increased myocardial mass, fibroblast activa-
tion, deposition of an extracellular matrix, and neovascularization are slower than
after acute injury. Maladaptive cardiac hypertrophy is characterized by an elevation
of the cardiomyocyte size, fibrosis, and expression of a fetal gene program in affected
myocytes.

Mpyofibroblasts contribute to the cardiac response to high blood pressure.
M2 macrophages are also involved in cardiac hypertrophy.

Cardiac hypertrophy is associated with an augmented blood vessel density. In
heart hypertrophy due to pressure overload, the HIF1-VEGF signaling enables the
maintenance of the capillary density.

MicroRNA-155 produced in cardiomacrophages and T cells induces cardiac
hypertrophy and inflammation via SOCS1 factor [74].

The GSK3g kinase regulates the canonical Wnt signaling. Overexpression of
GSK3p attenuates cardiac hypertrophy and its inhibition augments hypertrophy in
response to hypertrophic stimuli [35].

Nitric oxide has an antihypertrophic role in cardiomyocytes, as it impedes the
PP3-NFAT pathway upon an elevated cGMP-PKGI activity and/or reduces effect
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Table 3.2 Signaling pathways associated with cardiomyocyte—leukocyte communication in hyper-
tensive heart disease (Part 1; Source: [69])

Signaling axes in cardiomyocytes Mediator effect
mtDNA-TLR9-MyD88-NFkB IL1B/6

Macrophage recruitment
TLR4-TOR-NF«B TNFSF1, IL1/6

Macrophage recruitment
ATn2-HSP70-TLR4 CCL2

Macrophage recruitment
LPS-TLR4-PI3Ky HMGBI
BAR + IL1BR-cAMP-PKA IL6

Macrophage activation
TLR4-P38MAPK/ERK—NFkB TNFSF1

Mastocyte recruitment

AR adrenergic receptor, ATn angiotensin, cAMP cyclic adenosine monophosphate, ERK extracellu-
lar signal-regulated protein kinase, HMGB high-mobility group box protein [danger signal], HSP
heat shock protein [DAMP], IL interleukin, LPS lipopolysaccharide, MAPK mitogen-activated
protein kinase, mtDNA mitochondrial DNA [DAMP], MyD88 myeloid differentiation primary
response gene product-88, NFkB nuclear factor k light chain enhancer of activated B cells,
PI3K phosphatidylinositol 3-kinase, PKA protein kinase-A, TLR Toll-like receptor, TOR target
of rapamycin, TNF tumor-necrosis factor

of cytoskeletal LIM protein [64]. In addition, subsequently to angiogenic stimulation,
NO promotes the degradation of regulator of G-protein signaling RGS4 that induces
cardiomyocyte hypertrophy via the GBy-PI3Ky-PKB-TORC1 pathway.

Multiple signaling pathways operate in cardiomyocytes and leukocytes in
hypertensive heart disease (Tables 3.2 and 3.3).

Hypertension affects cardiomyocyte mitochondria. During pressure overload, in-
jured mitochondria that escape mitophagy release their DNA content. Mitochondrial
DNA serves as alarmin (or danger-associated molecular pattern protein [DAMP])
recognized intracellularly by TLR9 on endosomes. The latter signals via MyD88
and primes the production of leukocyte recruiting factors such as IL6 [69].

Stressed cardiomyocytes also abundantly release heat shock protein HSP70 in the
extracellular medium in response to angiotensin-2. The HSP70 signal binds to TLR4
on the membrane of surrounding cardiomyocytes, thereby initiating proinflammatory
pathways [69].

The overexpressed TOR kinase hampers TLR4 signaling and secretion of TN-
FSF1, IL1B, and IL6 in cardiomyocytes [69]. Conversely, PI3Ky promotes TLR4
signaling. This kinase is also an effector of f-adrenergic receptor that is consti-
tutively engaged in pressure-overloaded hearts due to high levels of circulating
catecholamines. In addition, the crosstalk between the § AR and IL1P cascades
via the cAMP-PKA pathway provokes IL6 secretion [69].
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Table 3.3 Signaling pathways associated with cardiomyocyte—leukocyte communication in hyper-
tensive heart disease (Part 2; Source: [69])

Signaling axes in cardiomyocytes Mediator effect
TNFSFI1-NOx IL1B/6

Macrophage activation
TNFSF11-TNFRSF11a-TRAF2/6-PLC-PKC-NFkB | TNFSFI, IL1a/B

Macrophage activation

IL10-JaK-STAT3-NF«B TNFSF1
Inhibition of monocyte recruitment
EMMPRIn-Itg IL18
via PI3K-PKB-IKK-NF«B Macrophage activation
and MAP2K7-JNK-AP1
IL18-MyD88-IRAK4-TRAF6-JNK-SP1 EMMPRIn

MMP2 secretion by macrophage

AP Activator protein [transcription factor], EMMPRIn extracellular matrix metallopeptidase in-
ducer [basigin], /KK IkB kinase, IL interleukin, JRAK IL1 receptor-associated kinase, /g integrin,
JaK Janus kinase, JNK Jun N-terminal kinase, MyD88 myeloid differentiation primary response
gene product-88, NFiB nuclear factor k light chain enhancer of activated B cells, NOx NAD(P)H
oxidase, PI3K phosphatidylinositol 3-kinase, PKB/[C] protein kinase-B[C], PLC phospholipase-C,
SP1 specificity protein [transcription factor], STAT signal transducer and activator of transduction,
TNF tumor-necrosis factor, TRAF tumor-necrosis factor receptor-associated factor

In cardiomyocytes stimulated by lipopolysaccharides targeting TLR4 also en-
gaged by pressure overload-related DAMPs, TNFSF1 expression upregulation
involves P38MAPK and ERK kinases, and subsequently activated NFkB. This path-
way is supported by phospholipase-Cy and histone deacetylase and impeded by
NO-induced Ca?t release, the INK1-Fos axis, MAPK phosphatase MKP1, and
GSK [69].

Cardiomyocyte-derived TNFSFI initiates an autocrine signaling involving the
NADPH oxidases Nox2 and Nox4 that ensure a sustained secretion of inflammatory
mediators. The TNFSF1 agent can control matrix remodeling indirectly by attracting
leukocytes and directly by promoting myocyte apoptosis and activation of matrix
metallopeptidases [69].

Another member of the TNF superfamily, TNFSF11 is released by cardiomyocytes
in response to angiotensin-2 stimulation and recognized by the cardiomyocyte TN-
FRSF11a receptor. The latter is coupled to the TRAF2/6-PLC-PKC cascade that
can lead to the nuclear translocation of NF«kB [69].

In pressure overloaded, cardiomyocytes can signal to leukocytes by upregulating
basigin (Bsg)’ due to high levels of catecholamines and reactive oxygen species [69].

3 Ak.a. CD147, collagenase stimulatory factor, and extracellular matrix metallopeptidase inducer
(EMMPrIn).
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Basigin connects to integrins on surrounding cardiomyocytes, thereby triggering the
Racl-dependent PI3K-PKB-IKK-NFkB and MAP2K7-JNK-AP1 axes and subse-
quently synthesizing proinflammatory cytokines (mainly IL18). Conversely, IL18
stimulates the BSG gene transcription in cardiomyocytes via the MyD88-IRAK4-
TRAF6-JNK-SP1 pathway (positive feedback), thereby favoring MMP expression
in cardiomyocytes and monocytes [69].

Termination of pressure overload-dependent inflammation relies on IL10 that teth-
ers to IL10R and signals via P3SMAPK and the JaK—STAT3 pathway to antagonize
NFkB activation and TNFSF1 generation [69].

3.2.2 Metabolic Remodeling

The dysfunctional heart is characterized early by disturbed metabolism and im-
paired protein synthesis. Metabolic changes prime and perpetuate cardiac structural
remodeling. In addition, nutrients (e.g., Ca>*, Mg+, Zn>*, Se?*, and vitamin-D)
can contribute to myocardial remodeling.

Angiotensin-2 responsible for cardiomyocyte maladaptive hypertrophy, intersti-
tial fibrosis, and apoptosis promotes inflammation. Angiotensin-2 represses fatty acid
oxidation. This effect is mediated by enhanced synthesis of tumor-necrosis factor-c.

3.2.2.1 Cardiac Energetics

The energy provider adenosine triphosphate (ATP) is required for both cell viability
and myocardial pump activity. Cardiomyocytes are characterized by large rates of
ATP use and synthesis, mainly by fatty acid oxidation in mitochondria.

At rest, fatty acid oxidation covers more than 70 % of energy need [225]. The
remainder comes from oxidation of carbohydrates, principally glucose. In the healthy
heart, selection among lipids and carbohydrates is governed by plasma substrate
availability and hormonal regulation (insulin and catecholamines).

When heart activity rises, additional sources of ATP synthesis, such as glycogenol-
ysis, glycolysis, and phosphotransferase reactions catalyzed by creatine kinase and
adenylate kinase, are involved. Production of ATP by phosphotransferase reactions
owing to creatine kinase is about ten times faster than ATP synthesis in mitochon-
dria (~ 0.7 mmol/s), which is approximately 20 times quicker than ATP generation
via glycolysis [226]. Phosphocreatine is the primary energy reserve element in car-
diomyocytes. Attenuated phosphocreatine concentration and elevated AMP level
activate AMP-activated protein kinase that increases glucose transport and stimulates
phosphofructokinase for glycolysis.

Mitochondria-derived ATP is mainly used for cardiac contraction, whereas ATP
produced by glycolysis intervenes in activity of kinases and ion pumps and chan-
nels (e.g., Ca2+—calmodulin—dependent kinase-2, ATP-sensitive K channels, and
Nat—K* and Ca?* ATPase [SERCA2]) [225].
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The failing heart has limited energy reserve, i.e., capacity to generate ATP in
excess of its normal rate of utilization. The failing heart also has impaired capacity
to convert chemical energy into mechanical work. The ratio of phosphocreatine to
ATP—an index of energy reserve—wanes.

Although glucose oxidation is more efficient with an ATP production-to-oxygen
consumption ratio (ATP/O ~ 3.1) greater than that of fatty acid (ATP/O ~ 2.8), fatty
acid oxidation provides much more ATP (~129) than glucose (~ 36) [225].

The metabolic flexibility (i.e., alternative selection of carbohydrates or lipids ac-
cording to their circulating concentrations) is altered. Substrate preference shifts
from fatty acids to glucose in maladaptive hypertrophy and failing heart, possibly
due to dampened expression of fatty acid-handling genes.

In maladaptive hypertrophy and failing heart, three major disturbances in en-
ergy handling occur: (1) creatine concentration and creatine kinase activity (Vol. 1,
Chap. 4. Cell Structure and Function) lower; (2) glucose uptake by insulin-
independent glucose transporter GIuT1 and insulin-dependent, dominant GluT4
and glucose metabolism are inadequate, although glucose becomes the main energy
provider; and (3) fatty acid oxidation falls [226].

The complex formed by the transcription factor estrogen-related receptor ERRa
(or nuclear receptor NR3b1) and peroxisome proliferator-activated receptor PPARYy
(or NR1c3) coactivator PGCla targets a set of genes that encode proteins involved in:
(1) energy production, such as those involved in fatty acid and glucose uptake, tricar-
boxylic acid cycle, and electron transport chain; (2) transfer, such as mitochondrial
creatine kinase and adenine nucleotide transporter; and (3) use [226]. In maladaptive
hypertrophy and failing heart, cyclin-dependent kinases CDK7 and CDKO9 repress
PGCla.

In summary, in advanced stages of ventricular maladaptive remodeling and heart
failure, fatty acid oxidation is reduced and more glucose is oxidized. Multiple factors
that control both fatty acid uptake and oxidation are inactivated and/or downregu-
lated, such as peroxisome proliferator-activated receptors PPARa (NR1cl), PPARB
(NR1c2), and PPARYy (NR1c3), as well as PPARYy coactivator PGCla [227].

3.2.2.2 Unsuitable Function of the Electron Transport Chain

Most ATP is synthesized by substrate oxidation in mitochondria that have a high
density in cardiomyocytes. In the failing heart, a reduced mitochondrial respiration
rate is caused by improper organization of electron transport chain complexes rather
than reduced content and activity of complexes of mitochondrial respiratory chains
[225].

Mitochondrial uncoupling is detected by a decline in the ratio of mitochondrial
ATP production to oxygen consumption. Moreover, failing heart is characterized by
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decayed expression of mitochondrial genesis factors (PGCloa, nuclear respiratory
factors NRF1 and NRF2 (GABP), and mitochondrial transcription factor-A [225].°

Mitochondrial electron transport is a major enzymatic source of oxygen radical
generation in cardiomyocytes.” Altered mitochondria induce oxidative stress in the
diseased heart. An elevated level of mitochondrial reactive oxygen species during
hypoxia can activate hypoxia-inducible factor HIF1«, thus having beneficial effect
[228].

3.2.3 Gene Transcription and Translation

Ventricular hypertrophy is characterized by changes in gene expression that include
reactivation of the Anp, Bnp, and Mhc genes of the fetal gene program as well as
the suppression of expression of genes that encode proteins implicated in adult heart
function [1]. In particular, the aMhc and Serca2a genes expressed at high levels in
healthy hearts have a repressed expression during cardiac hypertrophy.

3.23.1 Chromatin Remodeling in Cardiac Hypertrophy

Histone acetyltransferase (HAT) and deacetylases (HDAC) determine the expres-
sion of cardiac genes (Sect. 1.1.2). Suppression of gene expression also depends
on switch/sucrose nonfermentable (Swi/SNF)-related, matrix-associated, actin-
dependent regulator of chromatin SMARCa2-SMARCa4-associated HDAC core-
pressor complexes. The interaction of SMARCa2 with the proximal promoters of the
Anp and Bnp genes enhances gene expression, but the recruitment of SMARCa4 to o
Mhc promoter causes transcriptional suppression in models of cardiac hypertrophy.

Histone Acetyltransferases

Myocardial stress in the adult heart increases P300 histone acetyltransferase activity
as well as histone H3Ky and H4K 4 acetylations that provoke activation of genes
linked to cardiac hypertrophy [1]. Inhibition of cyclin-dependent kinase CDK9, a
mediator of P300-GATA4 complex, attenuates phenylephrine-induced hypertrophy
in rat cardiomyocytes. The natural small molecule curcumin is a selective inhibitor
of P300 that impedes cardiac hypertrophy-induced acetylation as well as the binding
of P300-GATA4 complex at gene promoters.

6 Mitochondrial transcription factor-A (TFaM) is a nucleus-encoded protein that regulates mtDNA
transcription and replication.

7 Reactive oxygen species are also produced by xanthine oxidase and/or NADPH oxidase in en-
dothelial cells and NADPH oxidase in activated leukocytes [228]. Activated NADPH oxidase can
also be involved in myocardial oxidative stress.
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Histone Deacetylases

Histone deacetylases remove acetyl groups from lysine residues in various types of
nuclear and cytosolic proteins, especially transcriptional regulators and nucleosomal
histones.

Both class-1 (HDAC1-HDAC3 and HDACS) and class-2 (HDAC4-HDAC7 and
HDAC9-HDACI10) are involved in cardiac hypertrophy. In addition, HDACs interact
with transcription factors such as myocyte enhancer factor MEF2 and coregulators
of expression of genes implicated in cardiac hypertrophy and heart failure.

Different HDAC classes may mediate pro- and antihypertrophic signaling in the
stressed myocardium. Class-1 HDAC inhibition can suppress cardiac hypertrophy
upon angiotensin-2 infusion and transverse aortic constriction. On the other hand,
class-2a HDACs (HDAC4, HDACS, HDAC7, and HDACY) repress expression of
genes regulated by MEF2 that are involved in cardiac hypertrophy.

In cardiomyocytes, class-1 zinc-dependent histone deacetylases (HDACI1-—
HDACS3) repress cardiac hypertrophy, as they preclude expression of the gene that
encodes dual-specificity phosphatase DuSP5, a nuclear phosphatase that hampers
prohypertrophic signaling by dephosphorylation of nuclear ERK1 and ERK?2 ki-
nases [229]. Moreover, inhibition of DUSP5 by class-1 HDACsS requires activity of
the ERK kinase (self-reinforcing mechanism). The HDAC3 subtype regulates ERK1
and ERK?2 in cardiomyocytes, whereas HDAC1 and/or HDAC2 controls JNK in
these cells.

Phosphatases of the DUSP category® form the largest group of MAPK phos-
phatases. The DuSP1 subtype suppresses ERK, JNK, and P3SMAPK signaling,
thereby impeding cardiac hypertrophy in response to pressure overload [229].
Cardiac-specific overexpression of cytoplasmic DuSP6 promotes cardiac fibrosis
and apoptosis in response to pressure overload.

On the other hand, hypertrophic stimuli concomitantly stimulate nuclear ERK1
and ERK2 phosphorylation and repress expression of DUSP5 via class-1 HDACs.
Activated cardiac ERK 1 and ERK?2 cause a concentric cardiac hypertrophy and can be
correlated with adverse hypertrophy due to pressure overload in humans [229]. Un-
like MAP2K1 overexpression that engenders compensatory hypertrophy, expression
of constitutively nuclear ERK2 favors pathological cardiac remodeling in response
to pressure overload. Hence, nuclear ERK signaling leads to pathological hypertro-
phy, whereas phosphorylation of cytosolic substrates by ERK1 and ERK?2 ensures
cardioprotection.

8 Dual-specificity phosphatases constitute three groups: (1) nuclear DuSPs; (2) cytosolic ERK-
specific DuSPs; and (3) DuSPs that selectively inactivate stress-activated MAPKs (i.e., JNK and
P38MAPK).
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Both HDACI1 and HDAC?2 stimulate cardiac hypertrophy, as they support au-
tophagy [229]. Association of HDAC2 with the Ying Yang YY1 transcription factor
promotes expression of BNP in response to a hypertrophic stimulus. In addition,
HDACI stimulates sodium—calcium exchanger NCX1 expression during cardiac
hypertrophy.

3.2.3.2 Reactivation of the Embryonic Program

Maladaptive cardiac hypertrophy is associated with reactivation of a fetal program of
cardiac gene expression. The cardiac hypertrophy-associated increase in RNA syn-
thesis is characterized by a reexpression of the NPPA and NPPB genes as well as the
fetal myocardial f-myosin heavy chain encoded by the MYH7 gene in cardiomyocyte
subsets [230].

B-Myosin heavy chain yields a marker of normal aging as well as pathological
cardiac hypertrophy. BMHC+ cells in normal and old as well as hypertrophic hearts
are predominantly located in subendocardial clusters within and surrounding fibrosis
sites. B-Myosin heavy chain, thereby, is a marker of fibrosis rather than hypertrophy.

3.2.3.3 Elongation Phase of Transcription

The PKB axis promotes protein synthesis and angiogenesis, as it regulates, to-
gether with HIF1a, the proangiogenic VEGFa factor produced by cardiomyocytes.
In adaptative hypertrophy, angiogenesis matches cardiomyocyte hypertrophy. When
angiogenesis is impaired, the heart evolves more rapidly into failure.

The positive (productive) transcription elongation factor-b (pTEFb),” or cyclin T-
cyclin-dependent kinase CDK9,!° and its modulators such as the self-inhibitory

9 Transcription is divided into preinitiation, initiation, promoter clearance, elongation, and termi-
nation. Elongation factors are recruited to RNA polymerase. Among elongation factors, pTEFb
phosphorylates the second residue (Ser2) of the heptapeptidic CTD repeats of the largest subunit of
the bound RNA polymerase-2, thereby assisting transition from transcriptional initiation to elon-
gation as well as coordinating transcription elongation and RNA maturation, as it helps recruiting
5'-capping enzyme and the RNA splicing machinery. Shortly after initiation, RNA polymerase-2
is inhibited by the negative elongation factors (DRB sensitivity-inducing factor [DSIF] and nasal
embryonic luteinizing hormone-releasing hormone [LHRH] factor [NELF]. pTEFb launches the
transition to productive elongation, as it phosphorylates (inactivates) these two negative factors
[231].

10 The pTEFb factor is a heterodimer that consists of cyclin-dependent kinase CDK9 and a regulatory
cyclin subunit of the T family (T1, T2, or K1). The CDKO9 kinase is regulated by nuclear receptor
corepressor (NCoR) and associated HDAC3. Once it is acetylated, its ability to phosphorylate
the CTD of RNA polymerase-2 diminishes [231]. Both NCoR and NCoR2 complex with histone
deacetylase HDAC3, G-protein pathway suppressor GPS2, transducin-p-like protein TBL1, and
TBL1-related protein TBLR1. The HDAC3 enzyme is required, at least in the case of the thyroid
hormone receptor, for transcriptional repression mediated by NCoR and NCoR2.
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RNA kinase and transcriptional repressor hexamethylene bisacetamide-inducible
molecule HexIM1'" are implicated in cardiac hypertrophy [232]. A reduced ex-
pression of HexIM1 is accompanied with an activation of pTEFb. In the catalytically
inactive state, PTEFb is complexed with HexIM1 and 7SK small nuclear RNA,
among others. In response to various physiological and pathological stimuli such
as hypertrophic signals, HexIM1 dissociates from cyclin. Subsequently, PTEFb
binds to bromodomain-containing protein BrD4 and, upon phosphorylation of RNA
polymerase-2, increases elongation activity and transcription of nascent mRNAs.
The affinity of BrD4 to acetylated histones allocates the active pTEFb to specific
regions of the genome epigenetically marked as transcriptionally active.

In addition, HexIM1 can directly bind to and modulate transcription factors,
such as the estrogen receptor-a (NR3al), CCAAT/enhancer-binding protein-a, and
nuclear factor-kB.

Reactivation of HexIM1 in the adult heart upregulates the protein expression level,
in particular that of HIF1a (in addition to MyC, GATA4, and PPAR«a, among others)
and subsequently increasing that of the Vegf gene as well as of genes associated with
fatty acid utilization, but decreasing that of genes related to glucose metabolism,
without affecting that of stress genes, such as NPPA and NPPB genes [233]. There-
fore, HexIM1 induces a cardiac hypertrophy that resembles that linked to exercise
rather than that resulting from pressure overload.

3.2.3.4 Transcription Factor NFE2L2

The transcription factor nuclear factor erythroid-derived NFE2-related factor
NFE2L?2 is protective upon transient activation in response to stress (Vol. 8§,
Chap. 3. Endothelial Dysfunction). It coordinates the redox balance that conditions
microvascular resistance and cardiomyocyte proteins homeostasis [234].

On the other hand, it is detrimental upon prolonged stimulation, engendering
proteotoxic cardiac remodeling via reductive stress and toxic protein aggregates as
well as maladaptive hypertrophy of cardiomyocytes [235]. Overcompensation of
NFE2L2 during cardiac remodeling indeed favors reductive stress and protein ubiq-
uitination and subsequent aggregation, especially that of chaperones and cytoskeletal
components, and hence adverse cardiac hypertrophy [235].

A sustained activation of NFE2L2 develops in two phases, initially in response
to ROS generation (~ 3 months), and later, as a consequence of Kelch-like ECH-
associated protein KEAP1 dysfunction (6 months) [235].

1A k.a. cardiac lineage protein CLP1 and Ménage 4 quatre protein MAQ1. The expression of
HEXIMI is high during embryogenesis and the early postnatal period; it gradually lowers afterward.
The pTEFDb factor exists in two forms, the active CcnT-CDK9 heterodimer and inactive pTEFb—
7SKsnRNA-HexIM1 complex. The balance between different pTEFb complexes is controlled
by several phosphatases, such as PP3 and magnesium-dependent PPM1a, that dephosphorylate
(deactivate) CDKO.
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Table 3.4 In coronary atherosclerosis, microRNAs have been investigated in serum, plasma, whole
blood, peripheral blood mononuclear leukocytes (lymphocytes and monocytes), or agranulocytes,
and platelets by different teams of investigators. (Source: [237])

MicroRNAs Source

MiR18b, miR22, miR92b, miR126, miR122, miR129-5p, miR-320a, Plasma, serum
miR423-5p, miR499, miR622, miR654-3p, miR1254

MiR19b, miR107, miR125b, miR139, miR142-3p, miR142-5p, miR497 | Flowing agranulocytes

A NFE2L2 deficiency normalizes the excessive content of glutathione and pre-
vents premature death. In NFE2L2*/~ mice (i.e., a single functional copy of the
Nfe2l2 gene), the expression of glutathione metabolic and antioxidative enzymes
(e.g., NAD(P)H dehydrogenase quinone NQOI, catalase, glucose-6-phosphate
dehydrogenase [G6PD],!? and glutathione reductase [GSR]) lowers. Attenuated pro-
duction of NFE2L2-dependent antioxidant enzymes dampens the reductive stress
and reequilibrates the redox milieu [234]. It also restores the production of other
redox-sensitive enzymes (e.g., HO1 and (““YSOD and M"SOD), which falls during
reductive stress.

3.2.3.5 Hypoxia-Inducible Factor

Heart failure can arise when cardiac angiogenesis does not conform with car-
diac hypertrophy [236]. Pressure overload initially promotes cardiac angiogenesis
via hypoxia-inducible factor-1. Downregulation of HIF1a causes maladaptive hy-
pertrophy during chronic pressure overload. In maladaptive cardiac hypertrophy,
angiogenesis does not reach a sufficient level for the conservation of the cardiac
function. Factor P53, the expression of which is upregulated, binds to HIF1a and
favors its degradation.

3.2.3.6 Dysregulation in MicroRNA Activity

MicroRNAs are small noncoding RNAs that mediate posttranscriptional gene si-
lencing. The microRNA content in the circulation may reflect the activation state of
flowing cells. MicroRNAs circulate in all compartments of blood (plasma, platelets,
red blood capsules, and leukocytes; Table 3.4). Circulating microRNAs are stable
and resistant to degradation by RNAse. MicroRNAs can then be used as markers of
cardiovascular diseases.

12 Reduced glutathione (GS%) is a tripeptide with a free sulfhydryl group that is required to com-
bat oxidative stress. Oxidized glutathione (GS°G) is reduced by NADPH generated by glucose
6-phosphate dehydrogenase in the pentose phosphate pathway.
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Table 3.5 MicroRNAs in microparticles and their link to cardiovascular diseases. (Source: [239])

microRNA Platelet Monocyte Endotheliocyte Disease
microparticle microparticle microparticle
Let7d X X CAD
MiR17 X X CAD
MiR19 X X X CH, CMP
MiR20a X X CAD
MiR21 X X X CAD
MiR27a X X CAD
MiR92al X X CAD
MiR126 X X CAD, DAP
MiR130 X X CAD
MiR133 X X X MI, CH
MiR143 X X CAD
MiR146a X X Myocarditis
MiR146b X Myocarditis
CAD
MiR155 X X Myocarditis
CAD
MiR199 X CAD
MiR221 X X CAD
MiR223 X X MI
Myocarditis
MiR423 X X CF

CAD coronary artery disease, CF cardiac failure, CH cardiac hypertrophy, CMP cardiomyopathy,
DAP diabetic angiopathy, MI myocardial infarction

Circulating microRNAs can reside in vesicles, such as exosomes (50-90 nm),
microparticles (size range [100 nm—1.1 pwm]), and apoptotic bodies (0.5-2 jwm), or
bound to lipoproteins (HDLs and LDLs) and proteic complexes (e.g., Argonaute-2
and nucleophosmin-1) [237, 238].

Several microRNAs with high levels in microparticles are involved in car-
diovascular diseases [239]. Proinflammatory microparticles (plasma concentration
~ 5000/p.1) are transport carriers for numerous microRNAs, protecting them from
degradation [239]. These microRNAs are packaged in producing cells, such as
platelets, leukocytes, and endotheliocytes (Table 3.5). They contain cytosol and sur-
face markers of their cells of origin. Once released into the circulation, microparticles
bind and fuse with their target cells via receptor-ligand connections. These vectors
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mediate vascular inflammation and coagulation, due to their specific lipid compo-
sition (e.g., phosphatidylserine) as well as to transfer of inflammatory components
and microRNAs synthesized in producing cells.

MicroRNA profiles of microparticles differ significantly according to producing
cell type and whether the producing cell is stimulated and not, as well as between
patients with stable and unstable coronary artery disease [239]. For example, miR21
is one of the highest upregulated miRs in stimulated vs. unstimulated monocytic
microparticles. Its level augments under hypoxia in vascular smooth myocytes.
Moreover, the miR content of microparticles significantly differs from that of their
synthesizing cells.

Type-2 Diabetes

Type-2 diabetes mellitus characterized by chronic elevation of blood glucose levels
is one of the major risk factors for cardiovascular disease. Plasma concentrations
of miR9, miR15a, miR20b, miR21, miR24, miR28-3p, miR29a, miR29b, miR30d,
miR34a, miR124, miR126, miR144, miR146a, miR150, miR191, miR192, miR197,
miR223, miR320, miR375, miR486, and miR503 are significantly associated with
diabetes mellitus, some being involved in insulin regulation [237].

Cardiac Maladaptive Hypertrophy

During adverse cardiac hypertrophy, several specific microRNAs, especially stress-
inducible species, are dysregulated [240]. The expression of miR23a, miR27a,
miR24.2, and miR 195 is upregulated. In addition, miR21, which impedes apoptosis,
is also overexpressed during cardiac hypertrophy. On the other hand, miR133, which
represses serum response factor, is underexpressed during cardiac hypertrophy. Over-
expression of these microRNAs in cardiomyocytes causes cardiac hypertrophy at
least in vitro.

MicroRNA-23a, the production of which is regulated by nuclear factor of activated
T cells NFAT?3, is a prohypertrophic agent [241]. It targets the ubiquitin—protein ligase
tripartite motif-containing protein TRIM63,' an antihypertrophic protein. MicroR-
NAs miR23a, miR24, and miR27a belong to the same cluster, but the upregulation
of miR24 and miR27a expression occurs later than that of miR23a. In addition,
miR23a can stimulate synthesis of early growth response EGR1 and pituitary tumor-
transforming gene product PTTG1 (or securin), both involved in cardiac hypertrophy
[241].

In addition, circulating levels of miR296-5p, let7e, and hemviR-UL112, a human
cytomegalovirus-encoded microRNA that targets interferon regulatory factor IRF1,
are altered in hypertension [237, 238].

13 A k.a. muscle-specific ring finger protein MuRF1.
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Members of the microRNA-34 category (miR34a—miR34c) are upregulated in
the heart in response to stress. Therapeutic inhibition of miR34s upregulates
[242]: (1) vascular endothelial growth factor that supports coronary angiogenesis;
(2) vinculin that preserves cardiac contractility and electrochemical transmission at
intercalated discs; (3) protein ®fucosyltranferase POFuT1 that acts in O-linked gly-
cosylation of proteins, hence favoring cell survival; (4) Notch-1 that mediates cardiac
regeneration after myocardial infarction; (5) B-cell lymphoma protein BCL6 that pro-
tects cardiomyocytes against inflammation; and (6) semaphorin-4B that prevents IL6
production by basophils. Therapeutic inhibition of miR34s attenuates pathological
cardiac remodeling [242].

The microRNAs miR29b and miR30c are involved in the communication between
cardiac fibroblasts and myocytes in myocardial hypertrophy [40]. MicroRNAs act
as moderators in the paracrine myocyte—fibroblast crosstalk by mostly regulating the
secretion of growth factors and cytokines.

MicroRNA-29b affects matrix protein deposition by fibroblasts as well as causes
cardiomyocyte hypertrophy, as it regulates the secretion of messengers, such as
IGF1, LIF, and pentraxin-3 [40]. However, a medium derived of miR29b-transfected
cardiofibroblasts engenders cardiomyocyte atrophy [40]. On the other hand, miR30c
only slightly influences the secretion of matrix constituents, its action being oppo-
site to that of miR29b. A medium derived of miR30c-transfected cardiofibroblasts
provokes cardiomyocyte hypertrophy, hence counteracting miR29b effect [40].

As does miR29b, miR133a that is highly expressed in cardiomyocytes targets
collagen-1A1 transcripts (COL1A1). Therefore, microRNAs of both cardiac fi-
broblasts and myocytes synergistically affect COL1A1 mRNA expression, thereby
regulating cardiac fibrosis [40].

3.2.4 Signaling Remodeling

Chronic maladaptive hypertrophy of cardiomyocytes can result from valvular dys-
function, persistent hypertension, and myocardial infarction. In particular, left
ventricular maladaptive hypertrophy is a response to increased afterload due to
systemic arterial hypertension, aortic stenosis, as well as myocardial infarction.
Although it tends originally to restore pump function, it leads to heart failure.

The epicardium contains multipotent stem cells and releases paracrine factors for
cardiac regeneration and repair. Injury of the adult heart reactivates an epicardial,
developmental gene program. Transcription factors of the CCA AT/enhancer-binding
protein (C/EBP) category supports neutrophil infiltration after injury and restoration
of the cardiac function, especially cardiac remodeling following ischemia [243].
They assist the epicardial production and secretion of retinoic acid, cytokines,
and chemokines. They operate with homeodomain-containing transcription factors
that are contributors to developmental programs, Hox, Meis, and Grainyhead-like
proteins.
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In addition to chemical factors and pathways (PP3, CamK, MAPK, PKC, and
PKD), mechanical stress triggers cardiac hypertrophy, partly, via activation of auto-
and paracrine messengers (e.g., angiotensin and endothelin) that stimulate Gog /-
coupled receptors, including the a1-adrenergic receptors.

Pathological cardiac remodeling is characterized by an increase in cell size, protein
synthesis, and sarcomere assembly, as well as reactivation of fetal genes.

3.2.4.1 Calcium Influx

Calcium not only mediates excitation—contraction coupling in cardiomyocytes but
also supports the gene transcription that underlies cardiac hypertrophy.

Inositol Trisphosphate Receptors

In addition to ryanodine receptors (RyR), cardiomyocytes also produce inositol
trisphosphate receptors (IP3R), but to a lesser extent (approximately 50:1), IP3R2
being the main isoform in cardiomyocytes. Nonetheless, Ca>* release through IP;Rs
contributes to the inotropic, arrhythmogenic, and hypertrophic effect of Gg-coupled
receptor agonists such as endothelin-1.

In cardiac hypertrophy, increased density of [P;Rs in the junctional sarcoplasmic
reticulum augments Ca?* transients [244]. As IP;Rs localize close to ryanodine
receptors in the junctional sarcoplasmic reticulum, elevated Ca>* release sensitizes
RyRs and increases diastolic and systolic cytosolic Ca>* concentration (Ca>* sparks
and puffs). These Ca’>* transients can trigger ventricular arrhythmias in cardiac
hypertrophy.

However, IP3R2 production does not rise in patients with heart failure caused by
ischemic dilated cardiomyopathy [244]. On the other hand, atrial fibrillation is also
associated with elevated IPsR expression in atriomyocytes in humans.

Calcium Influx Through TRP Channels

The transient receptor potential canonical channels TRPC3 and TRPC6 are pro-
duced at low levels in normal conditions. Their expression rises in adverse cardiac
hypertrophy. They support hypertrophy signaling triggered by angiotensin-2 or
endothelin-1 [245]. A dual inhibition is necessary, as the deletion of the Trpc3 or
Trpc6 gene alone does not protect against hypertrophy induced by pressure overload,
but combined deletion is protective.

Cardiomyocyte activation by angiotensin-2 or endothelin-1 or by mechanical
stress due to sustained hypertension stimulates the Ca’>*—calmodulin-dependent
phosphatase PP3 that dephosphorylates the transcriptional regulator NFAT, thereby
provoking nuclear translocation of NFAT and expression of maladaptive hypertrophic
genes. The source of triggering Ca®* ions is the TRPC3 and TRPC6 channels [245].
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3.2.4.2 PP3-NFAT Axis

Calcium—calmodulin-dependent protein Ser/Thr phosphatase PP3 dephosphorylates
nuclear factor of activated T-cells that can then enter the nucleus and interact with car-
diac GATA4 transcription factor involved in cardiac hypertrophy under pathological
conditions [265].

The calcineurin (PP3)—nuclear factor of activated T cells (NFAT) signaling oper-
ates not only in the nervous system (memory formation or apoptosis) and immunity
but also in cardiovascular development (cardiac remodeling as well as cardiomy-
ocyte differentiation and endotheliocyte activation during angiogenesis following
inflammation) [246]. The NFAT factor intervenes in physiological and pathological
conditions. Many NFAT target genes are involved in cell growth and proliferation
as well as in inflammation.'* NFAT signaling depends on the cell type as well as
signaling magnitude.

The NFAT family of transcription factors encompasses five members. Among
them, four are regulated by the Ca>*-dependent protein Ser/Thr phosphatase PP3
(NFAT1-NFAT4). The osmotic stress-dependent NFATS subtype'® does not depend
on calcium ion.

In the cytosol, NFAT complexes with the long intergenic noncoding RNA for
repressor of NFAT, IQGAP scaffold protein, and importin-f for nucleocytoplasmic
transport [246]. Other NFAT partners include BMP2, VEGF, MAGI1, ADAMTSI,
thrombin, and histamine.

The NFAT factors are substrates of dual-specificity Tyr phosphorylation-regulated
kinase DYRK1a (NFAT-priming kinase), glycogen synthase kinase GSK3f and ca-
sein kinase CK1 as well as components of the MAPK module (MAP3K7, MAP3K 14,
P38MAPK, JNK, and ERK4). Phosphorylation (Ser112) of DSCR1g by MAPK leads
to the subsequent phosphorylation (Ser108).

Upon dephosphorylation, NFAT undergoes a nuclear translocation. Diverse NFAT
family members have redundant functions. The NFAT factors mainly cooperate with
other transcription factors, such as AP1, GATA, and MEF2 family members. Oth-
erwise, NFAT has two modes of DNA interaction: (1) binding on NFkB sites (e.g.,
Vcaml and 118) and forming homodimers and (2) binding on a NFAT recognition
site as a monomer.

The PP3 phosphatase has many endogenous inhibitors, calcipressins (e.g.,
calcineurin-binding protein CaBinl, A-kinase anchoring protein AKAPS, and Down
syndrome critical region DSCR1 [246]. The DSCR1 regulator prevents PP3 binding
to NFAT as well as PP3 activity. Two major DSCR1 isoforms exist: long (DSCR1y)

14 In endotheliocytes, NFAT1 regulates expression of genes implicated in inflammation (CCL2,
CXCL8, and CX3CL1 chemokines), coagulation (tissue factor), leukocyte transmigration
(E-selectin, VCAM1, and ICAM1), and transcription (EGR3 and NR1b1) [246].

15 A k.a. tonicity-responsive enhancer-binding protein (TonEBP) and osmotic-response element-
binding protein (OREBP).
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and short (DSCR1g) variants expressed in the nervous system and in endothelio-
cytes, respectively, the latter being mainly regulated by the PP3—-NFAT pathway
and the former by the Notch and HES1-dependent pathways. In endotheliocytes,
VEGF-inducible DSCR1 is an effector of a negative feedback loop that hinders
NFAT-mediated cell activation and proliferation.

In endotheliocytes, NFAT targets the gene that encodes the autoinhibitory
molecule Down syndrome critical region DSCR1 [246]. Expression of DSCR1g
is primed by NFAT1 to NFAT3 as well as GATA?2 and GATA3 factors. On the other
hand, DSCR1y, that lacks an NFAT consensus region is regulated by Notch and
glucocorticoids.

Vascular endothelial cell growth factor and thrombin provoke DSCRI1 expres-
sion. On the other hand, DSCR1 precludes VEGF-mediated angiogenesis (negative
feedback) and monocyte adhesion. The constitutive DSCR1 expression may set
endotheliocytes in a quiescent state after VEGF stimulation. In fact, DSCR1g im-
pedes angiogenesis, whereas DSCRI1y, assists NFAT transcriptional activity and
angiogenesis.

In smooth myocytes, angiotensin-2 favors DSCR1 activity, thereby promoting cell
migration [246]. In macrophages, DSCR1 supports their migration toward oxidized
low-density lipoprotein and their uptake.

A stable DSCR1g expression attenuates septic inflammatory shock as well as
tumor growth and metastasis to lungs that have the highest endotheliocyte density
among bodily organs.

The effect of DSCR1 on the PP3—-NFAT cascade is related to posttranscrip-
tional modification, such as phosphorylation and ubiquitination. Proteins DSCR1
and DYRK1a synergistically promote NFAT nuclear exclusion [246]. The DYRK 1a
kinase phosphorylates DSCR1y, (Thr241) and DSCR1g (Thr192), thereby enhanc-
ing DSCR1-PP3 binding [246]. Phosphorylation of DSCR1 by ERK4 dissociates it
from PP3. Phosphorylation of DSCR1 by MAP3K14 increases the stability [246].
Phosphorylation of DSCR1L (Ser149 and Ser191) converts it from a PP3 inhibitor
to a facilitator, thereby enhancing NFAT1 nuclear occupancy. On the other hand,
DSCRI1y, ubiquitination leads to its proteasomal degradation.

Protein DSCRI is a inhibitor of the PP3—NFAT signaling, especially that in-
volved in cardiac hypertrophy. In Dscr1 gene knockout mice, the constitutively active
PP3-dependent cardiac hypertrophy is exacerbated, but adverse cardiac hypertrophy
caused by pressure overload and chronic adrenergic stimulation is blunted [246].

3.2.4.3 Oxidative and Reductive Stress

The heart has a high metabolic rate and is hence particularly exposed to oxidative
stress. Oxidative stress provokes adverse cardiac hypertrophy as well as P53-
dependent decrease in capillary density, excessive DNA oxidation, and increased
cardiomyocyte apoptosis, leading to heart failure.
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Reactive Oxygen Species

Hydrogen peroxide (H,O;) is synthesized consequently to electron leakage during
oxidative phosphorylation as well as by activated oxidases such as NADPH (reduced
form of nicotinamide adenine dinucleotide phosphate) oxidases.

Its intracellular concentration rises in response to the activation of many signaling
pathways, such as those triggered by stimulated growth factor receptors (EGFR and
PDGFR), activated protein Ser/Thr kinases, and G-protein—coupled receptors [247].
Hence, numerous ligands (e.g., bradykinin, EGF, PDGF, TNFSF1, and thrombin)
influence H, O, signaling.

Hydrogen peroxide can directly modify proteins by oxidation of cysteine residues
situated in a specific proteic environment, hence inactivating protein Tyr and Ser/Thr
phosphatases (e.g., PTPnl and PTen) [247]. Elevated H,O, amounts exert dif-
ferent effects according to their concentration and intracellular location. At low
concentrations, PTen inactivation and subsequent PKB activation cause cell prolifer-
ation signaling, in particular in cancers. At high concentrations, SHC that regulates
mitochondrial swelling initiates cell apoptosis.

Superoxide (O57) is produced by NADPH oxidase in endothelial and smooth
muscle cells. Vascular NADPH oxidases are regulated by various compounds, such
as growth factors (e.g., PDGF) and cytokines (e.g., TNFSF1 !¢ and interleukin-1),
as well as thrombin and oxidized LDL particles.

Superoxide is metabolized to hydrogen peroxide. It can also form hydroxyl
ion (OH™). Hydrogen peroxide modifies amino acids. Intracellular H,O, can
then regulate enzyme activity and signaling pathways. For example, it inactivates
PTen phosphatase, leading to an increase in cellular phosphatidylinositol (3,4,5)-
trisphosphate and subsequently activating protein kinase-B. Reactive oxygen species
can protect cardiomyocytes because they activate transcription factors implicated in
synthesis of antioxidant enzymes, such as manganese superoxide dismutase (M"SOD)
and the nitric oxide synthase NOS3, thereby enabling ischemic preconditioning. An-
tioxidants encompass an enzyme group (e.g., superoxide dismutase, catalase, and
glutathione peroxidase) and nonenzymatic molecules (e.g., vitamin-E and - C).

Reactive oxygen species also activate the MAPK module, especially ROS-
sensitive MAP3K5, which stimulates both P3SMAPK and Jun N-terminal ki-
nase. Thioredoxin-1 binds to MAP3KS5 and precludes its activation. Oxidized
thioredoxin-1 dissociates from MAP3KS5, which then undergoes autophosphory-
lation. Noradrenaline, angiotensin-2, and endothelin rapidly and transiently activate
MAP3KS via ROS agents. Kinase MAP3KS is also involved in ligand-bound
G-protein—coupled receptor activation of NFkB factor.

Vascular NADPH oxidase is stimulated by angiotensin-2 via the AT, receptor, in
association with EGFR, PI3K, and Rac GTPase [249]. Moreover, reactive species
can activate NFkB transcription factor.

16 This cytokine recruits subunits to plasmalemmal NADPH oxidase [248]. It also activates NOS3
in plasmalemmal nanodomains. This dual activation locally produces superoxide and nitric oxide.
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Nitric oxide quickly reacts with superoxide (O, ) characterized by the presence
of an unpaired electron that can rapidly react to form peroxynitrite (ONOO™). Also,
nitric oxide hampers NADPH oxidase activity.

Reactive oxygen species act as second messengers that activate multiple targets,
such as epidermal growth factor receptor; PKB, Src, and P3SMAPK kinases; and
Ras GTPase [250]. However, excessive exposure to HO, leads to oxidative stress.

Oxidative stresses associated with excessive production of reactive oxygen and ni-
trogen species lead to cardiovascular diseases. Reactive oxygen and nitrogen species
are implicated in hypertension, intimal hyperplasia, and atherosclerosis [251].

Increased ROS generation that exceeds the capacity of antioxidants causes ox-
idation of membrane phospholipids and proteins, as well as mitochondrial DNA
damage. Augmented ROS synthesis can be associated with decreased NOS3 activity
as well as increased NOS2 function in macrophages.!”

ROS Regulator PISP and Its Controllers PIN1 and PIP4K

Correct management of reactive oxygen species prevents oxidative stress. Oxidative
stress primes activation of proline-directed stress kinases (P38MAPK and JNK).
Phosphorylation by these kinases leads to the recruitment of the peptidyl prolyl
isomerase interacting with NIMA PINT1.

This isomerase recognizes substrates phosphorylated on serine or threonine
residues situated next to proline residues. It binds to phosphorylated substrates
using its WW domain and can induce a conformational change via its prolyl iso-
merase activity. It thus regulates the localization as well as catalytic activity, stability,
phosphorylation state, and interaction with other partners of its subtrates.

Phosphatidylinositol 5-phosphate (PI5P) is a redox state- and PIN1-regulated sec-
ond messenger that influences gene expression to determine the sensitivity of cells
to ROS and cell response to oxidative stress. Concentration of PISP rises in response
to some physical and chemical stresses, especially hydrogen peroxide, thereby con-
tributing to enhanced cell viability during exposure to oxidative stress. Increased
PISP stimulates the expression of genes involved in defense against oxidative stress
and limits the accumulation of reactive oxygen species. In particular, PISP heightens
the transcriptional activity of the stress-dependent P53 factor.

Isomerase PIN1 controls the amount produced in response to hydrogen peroxide
of the phosphoinositide second messenger PISP [252]. Hydrogen peroxide provokes
the PISP synthesis at least partly by inducing the interaction between PIN1 with
phosphatidylinositol 5-phosphate 4-kinase (PIP4K) that remove PISP.

On the other hand, the PISP amount can be increased by the stress-activated lipid
kinase phosphatidylinositol 3-phosphate 5-kinase PI(3)P5K3'® and myotubularins.

17 Nitric oxide competes with oxygen for binding to cytochrome-C oxidase. Enhanced NO
production causes elevated ROS synthesis. Angiotensin-2 increases mitochondrial ROS generation.

18 A k.a. FYVE finger-containing phosphoinositide kinase PIKFYVE.
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At least in vitro, PIN1 precludes PI5P 4-kinase (PIP4K) activity [252]. The latter
phosphorylates PISP to produce PI(4,5)P,, thereby lowering the PISP amount. In
fact, PIN1 rotamase inhibits phosphorylated PIP4K kinase. Activated P3SMAPK
phosphorylates (inactivates) PIP4Kf (Ser326). The PIN1 isomerase interacts with
either the high-activity PIP4Ka or the low-activity PIP4KP isoform [252]. Sub-
type PIP4K@ can interact with and target PIP4Ka to the nucleus. Overexpression of
PIP4Ka reduces the action of H,O, on the Nfe2I2 gene implicated in the response
to oxidative stress [252]. Interaction between PIN1 and PIP4KB may occur in the
nucleus because both enzymes colocalize in nuclear structures.

In summary, oxidative stress, especially H,O, exposure, promotes interaction
between PIP4K and PIN1 enzymes [252]. However, the PINI-PIP4K interaction
is not the major mechanism for PISP abundance in response to hydrogen peroxide.
Accumulation of PISP may result from PI(3)P5SK3 and myotubularins.

Calcium Overload and Mitochondrial Permeability

Myocardial ischemia primes formation of reactive oxygen species and inflammatory
cytokines (e.g., TNFSF1 and IL6). Oxidative stress is associated with elevated intra-
cellular Ca2* concentration, as ROS cause: (1) Ca2*t influx by increased membrane
lipid peroxidation and opening of voltage-sensitive Ca’* channels or Na*—Ca®* ex-
changers; (2) Ca®>* release from intracellular stores; and (3) Ca®* uptake decay by
SERCAs [253]. In addition, TNFSF1: (1) decreases Ca>* sensitivity of myofibrils
and (2) impedes SERCA2a production and activity.

Calcium overload induced by extensive ROS generation can enhance perme-
ability of the mitochondrial membrane and cause mitochondrial depolarization.
Mitochondrial leak and peptidase activation leads to energy depletion and contractile
protein loss. Mitochondria also mediate cardiomyocyte apoptosis and necrosis. En-
zyme MAP3KS5 activated by ROS favors cardiomyocyte apoptosis. Reactive oxygen
species and other cellular proteins released from necrotic cells after cardiac injury
initiate inflammation.

Endothelial Dysfunction

Excess superoxide or superoxide-derived substances directly or indirectly promote
lipid peroxidation and low-density lipoprotein oxidation. Superoxide inactivates
nitric oxide, hence favoring: (1) vasoconstriction and smooth myocyte prolifera-
tion and migration, and (2) blood cell adhesion. These reactive species can act on
inflammatory signaling.

Endothelial dysfunction is an early diabetes complication characterized by NOS3
uncoupling (i.e., a decrease in nitric oxide and a concomitant increase in superox-
ide). The SHC adaptor, which regulates ROS production during hyperglycemia, is
involved in the cell response to oxidative stress associated with diabetic vascular
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diseases. Expression of the antioxidant heme oxygenase HO1 and NOS3 is upregu-
lated in the absence of SHC, then avoiding ROS-dependent endothelial dysfunction
induced by hyperglycemia [254].

Parkinson Disease Protein-7

Parkinson disease protein Park7 protects against oxidative stress. In the absence of
oxidative stress, Park7 binds to and represses the translation of mRNAs encoding
factors contending with oxidative stress, such as P53 factor, superoxide dismutase,
and proteins involved in glutathione synthesis [202]. Oxidized Park7 dissociate from
these transcripts, allowing their translation.

The Park7 protein is highly expressed in the normal heart. Its deficiency provokes
adverse cardiac hypertrophy as well as compromised function of cytoplasmic and mi-
tochondrial antioxidant systems, elevated ROS production, elevated cardiomyocyte
apoptosis rate despite an exaggerated ERK1/2 activation via Src and Ras pathways,
and a susceptibility to the development of heart failure [202].

3.2.4.4 Caveolae

Caveolae are plasmalemmal invaginations enriched in cholesterol, glycosphin-
golipids, and lipid-anchored proteins. They are the most abundant membrane
nanodomains devoted to endocytosis (1840 % of the plasma membrane) [255].
They constitute platforms for preassembled complexes of receptors, signaling com-
ponents, and their targets at the plasma membrane, including their parts in T-tubules
in cardiomyocytes.

Type-1 caveolae form endocytic vesicles, or cavicles, that carry cargos on micro-
tubules to specialized endosomes, caveosomes. Cavicles can also travel to recycling
endosomes. Type-2 caveolae, the most abundant type, are engaged in continuous cy-
cles of fission and fusion at the cell surface. They can move rapidly in the cell cortex.
They can serve in internalization and recycling of molecules as well as potocytosis,
that is, delivery of small molecules (e.g., vitamins and ions) that are transported
across the plasma membrane and deposited directly into the cytosol [255]. Type-3
caveolae form long, thin caveolin-14- tubules that project from the plasma membrane
deep into the cell interior.

Caveolae are composed of caveolin and cavin that are required for caveola genesis
and functioning (Vol. 1, Chap. 7. Plasma Membrane). Cavins operate as caveolin
adaptors that form the caveolin—cavin complex to regulate the caveola function.

Caveolin-1 and -2 are expressed in most cell types, including endotheliocytes,
smooth myocytes, fibroblasts, and adipocytes. Caveolin-3 is expressed exclusively
in smooth, skeletal, and cardiac myocytes.
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Cavins are other structural components of caveolae. Four isoforms exist (cavin-
I—cavin-4)." Cavin-1 and -2 are required for caveolar invagination and cavin-3 for
caveolar budding to form caveolar vesicles [257]. Cavin-1 is required for caveola for-
mation in various cell types (e.g., epitheliocytes and smooth and striated myocytes).
Cavin-2, but not cavin-3, is involved in caveola formation in the endothelium of the
lung, but not in that of the heart. Cavin-4 is dispensable for caveolar formation, but
modifies the morphology of formed caveolae in cardiomyocytes [257].

G-protein-coupled receptors accumulate in caveolae of cardiomyocytes and sig-
nal from caveolae. Many GPCRs homo- or hetero-oligomerize, thereby influencing
ligand binding, receptor activation, desensitization, transfer, and receptor signaling.

ala- and alb-Adrenoceptors colocalize with cavin-3 and -4 at the plasma mem-
brane and partly within the cytoplasm in cardiomyocytes. a1-Adrenergic receptors
engender synthesis of atrial natriuretic peptide and support myofibrillar organiza-
tion in cardiomyocytes via cavin-4 [257]. The myocyte-specific caveola component
Cavin-4 regulates ala- and alb-adrenoceptors. It facilitates ERK1 and ERK?2 re-
cruitment to caveolae in response to al AR stimulation that provokes concentric
cardiac hypertrophy.

Caveolae possess an ERK-activation module. Other scaffold proteins involved
in ERK signaling encompass kinase suppressor of Ras (KSR), MAP2K-interacting
protein MAP2K 11P1,2° MAPK organizer MOrg1, and B-arrestin

3.2.4.5 Nitric Oxide Synthase in Endothelial and Myocardial Cells

Nitric oxide synthase NOS3 contributes not only to myocardial and coronary adap-
tations to exercise but also to left ventricular and vascular maladaptive remodeling,
especially in sustained hypertension. Endothelial cell dysfunction is involved in the
establishment and progression of hypertensive heart disease.

19 Cavin-1 is also called polymerase-1 and transcript release factor (PTRF), cavin-2 serum depriva-
tion response protein (SDRP or SDR) and phosphatidylserine-binding protein, cavin-3 SDR-related
gene product that binds to C kinase (SRBC), and cavin-4 muscle-related (or restricted) coiled-coil
protein (MURC). PKCa controls type-2 caveola internalization [255]. Cavin phosphorylation by
PKCa enables caveola internalization. Cavins are members of the STICK (substrates that interact
with C-kinase) superfamily of PKC-binding proteins. All STICK proteins contain a phosphatidylser-
ine (PS)-binding sites and reside at the interface between membranes and the cytoskeleton. They
include myristoylated alanine-rich protein kinase-C substrate (MARCKS), annexin-1 and -2,
desmoykin, vinculin, talin, o- and B-adducin, growth-associated protein GAP43 and A-kinase
anchoring protein AKAPS. In particular, cavin-3 binds to PKC3. It remains associated with cave-
olin when caveolae bud to form cavicles that travel on microtubules to different regions of the cell
[255]. Cavin-3 dictates the balance between ERK and PKB signaling [256]. Cavin-3 increases ERK
signaling at the expense of PKB. It facilitates signal transduction to ERK, as it anchors caveolae to
the plasma membrane via myosin-1C.

20 A k.a. MAP2K-binding partner MP1, ragulator-3, and late endosomal/lysosomal adaptor, MAPK
and TOR activator LAMTOR3.
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Table 3.6 Coupled and uncoupled nitric oxide synthase NOS3

Status Products Pathway and effects

Coupled NOS3 NO NO-sGC—cGMP-PKG

MLCP phosphorylation (vasodilation)
Calcium entry (SOCC, MSCC, Cay1),

transcription factor phosphorylation, gene transcription

Opening of mKarp

(ROS production at low levels [signaling])

RyR®

Troponin
Uncoupled NOS3 O3 RyR©
ONOO~ PLbo

Gene transcription©

@ — stimulation, © — inhibition, cGMP cyclic guanosine monophosphate, O3~ superox-
ide, ONOO™ peroxynitrite, MSCC mechanosensitive Ca>* channel, mK 47p mitochondrial K 47p
channel, PKG protein kinase-G, PLb phospholamban [SERCA inhibitor], RyR ryanodine recep-
tor, SERCA sarco(endo)plasmic reticulum Ca’>* ATPase, sGC soluble guanylate cyclase, SOCC
store-operated Ca** channel

Structural and functional changes of the coronary microvasculature are associated
with cardiac maladaptive hypertrophy and myocardial and perivascular fibrosis in
hypertension [258]. Cardiac fibrosis is related to endothelial-mesenchymal trans-
formation, activation of matrix metallopeptidases, and loss of endothelial cells
[258].

In normal conditions, NOS3 protect against oxidative cytotoxicity, abnormal
growth, and fibrosis. Nitric oxide synthase-3 ameliorates cardiac function and ad-
verse remodeling via the PI3K-PKB-Rho—RoCK-ROS pathway in heart failure
[259]. After myocardial infarction, NOS3 limits ameliorate cardiac dysfunction,
pulmonary congestion, and interstitial fibrosis.

In an oxidative environment created by heart dysfunction, electron transfer from
the NOS3 reductase domain to oxygenase domain can be altered and causes NOS
uncoupling, i.e., decreases synthesis of NO and increases that of superoxide. In
hypertensive cardiac hypertrophy, NOS3 uncoupling thus primes oxidative stress,
thereby aggravating left ventricular dysfunction.

Cardiac maladaptive remodeling is limited by nitric oxide produced by coupled
NOS3, but aggravated by superoxide formed by uncoupled NOS3 (Table 3.6) [260].

The detrimental influence of NOS3 in hypertensive hearts can be, at least partly,
compensated by the beneficial influence of NOS3 in bone marrow-derived endothelial
progenitor cells [260]. As cardiomyocyte-restricted restoration of NOS3 activity in
mild cardiac maladaptive hypertrophy also has beneficial effect, NOS3 uncoupling
may occur preferentially in coronary endotheliocytes.
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Enzyme NOS3 is synthesized in coronary endotheliocytes and cardiomyocytes,
as well as endothelial progenitor cells (or circulating angiogenic cells). In the heart,
angiogenesis depends on nitric oxide. Angiogenesis can involve recruitment of en-
dothelial progenitor cells from the bone marrow (Vol. 5, Chap. 10. Vasculature
Growth).

Hypertension increases the number of endothelial progenitor cells in the bone
marrow as well as in blood. Synthase NOS3 supports generation and migration
of bone marrow-derived endothelial progenitor cells, hence myocardial capillariza-
tion, and ameliorates hypertension-induced left ventricular hypertrophy and fibrosis
[258]. Conversely, in the absence of NOS3, left ventricular hypertrophy, capillary
rarefaction, fibrosis, and pulmonary congestion are aggravated.

The imbalance between nitric oxide and endothelin causes cardiac defective re-
modeling [261]. Therefore, treatment of cardiac adverse hypertrophy is aimed at
increasing the beneficial action of NOS3 and decreasing the activity of endothelin-
converting enzyme or density of endothelin receptors. The ATP-sensitive potassium
channel consists of an inward rectifier K™ channel subunit (Kr6) and regulatory
sulfonylurea receptor subunit (SUR). The subunit types depend on the cell type.
Cardioprotective mitochondrial Karp channels are involved in antihypertrophic sig-
naling. The plasmalemmal SUR2b—Kg6.1 channel is the main endothelial subtype.
It contributes to the maintenance of the resting membrane potential. As Kt ef-
flux elicits Ca®* influx, it regulates cytosolic Ca’* concentration that stimulates
NOS via Ca**—calmodulin, thereby favoring the release of nitric oxide. Activation
(opening) of the plasmalemmal SUR2b—Kg6.1 channel thus protects endothelium
and restores NO-ET1 balance, hence endothelial function [261]. Stimulated sar-
colemmal SUR2a-Kg6.2 channel in cardiomyocytes shortens the action potential
duration.

3.2.4.6 Heterotrimeric GTPases (G Proteins)

Proteins of the Gq/11 subclass operate in maladaptive cardiac hypertrophy in
response to increased mechanical load. In particular, Gq subunit promotes an as-
sociation between Gfy and components of the MAPK module in hypertrophic
cardiomyocytes that leads to ERK2 phosphorylation. In fact, the stimulated Rafl—
MAP2K module activates ERK1 and ERK2 that translocate to the nucleus to
phosphorylate nuclear substrates, whereas scaffold proteins, such as B-arrestins,
retain active ERK1 and ERK?2 in the cytoplasm. Signaling primed by the Gq sub-
unit releases the GPy subunit from activated Gq and promotes GBy binding to Raf
and ERK2, therefore acting as a scaffold that triggers ERK2 autophosphorylation
(Thr188) and subsequent nuclear localization [262]. Nuclear accumulation of ERK1
and ERK2 can result from increased nuclear translocation or nuclear retention. In
addition, ERK2 phosphorylation at the same site (Thr188) is also stimulated by
receptor protein Tyr kinases such as HER?2 receptor.

Angiotensin-2 causes cardiac hypertrophy by stimulating AT receptors in the
kidney, whereas activated AT 5 receptors in the heart induces cardiac fibrosis, but
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not hypertrophy. Angiotensin-2 generates a biphasic increase in cytosolic calcium
concentration with an initial peak and a sustained elevation due to formation of inos-
itol trisphosphate and cyclic APPribose (CADPR), respectively. Angiotensin-2 binds
to Gg-coupled AT receptor to sequentially activate Src kinase, phosphatidylinositol
3-kinase, protein kinase-B, phospholipase-Cy1, and inositol trisphosphate. The latter
provokes Ca’* release from intracellular stores (sarcoplasmic reticulum) that acti-
vates ADPR cyclase, which forms cyclic APPribose. APPRibosyl cyclase produces
cADPR from B NAD*. Cyclic APPribose is a Ca’*-mobilizing second messenger
that causes a sustained Ca®* influx via Ca?*-induced Ca** release. The inhibitor
of APPribosyl cyclase (2,2')-dihydroxyazobenzene that precludes the sustained Ca?*
signal reduces angiotensin-2-induced cardiac hypertrophy [263]. Low-level AT, ac-
tivity in cardiomyocytes induces adaptive cardiac hypertrophy, whereas increased
stimulation induces maladaptive cardiac hypertrophy [264].

Chronic stimulation of Gq-coupled ala-adrenoceptors also causes maladaptive
hypertrophy of cardiomyocytes in pressure overload. Subunit Gq targets PLCB,
thereby generating IP; and activating diacylglycerol-dependent PKC isoforms
involved in cardiac hypertrophy and failure [265].

In cardiomyocytes, Gq-coupled receptors can also transactivate some plasmalem-
mal protein Tyr kinases that are growth factor receptors. In cardiomyocytes, AT},
ETa, P2Y;, and al-adrenergic receptors can prime phosphorylation of epidermal
growth factor receptor [265]. However, EGF, a strong activator of EGFR, is a very
weak hypertrophic agent. Nevertheless, signaling from transactivated EGFR may
differ from that of EGF-bound receptor. Once they are activated, these receptors
recruit GRB2, PI3K regulatory subunit, and PLCy, and can stimulate the MAPK
module as well as PKB and P70RSK (S6K) kinases. Among the three major MAPK
sets (ERK, JNK, and P38MAPK), ERKSs are responsible for cardiac growth, whereas
proapoptotic JNKs and P38MAPKSs impede growth.

Ubiquitous members of the G12 subclass (Ga; and Go3) can be activated by
angiotensin-2, endothelin-1, and al-adrenoceptor ligands. Subunits of the G12/13
subclass participate in pressure overload-induced cardiomyocyte hypertrophy as well
as cardiac fibrosis without the development of hypertrophy subsequent to pressure
overload.

3.2.4.7 Small Monomeric GTPases

Cardiac hypertrophy is also accompanied by augmented activity of RNA polymerase-
1, -2, and -3 that regulate synthesis of rRNA, mRNA, and tRNA, respectively. In
addition, P70 ribomal S6 kinase and eukaryotic translation initiation factor-4E phos-
phorylation is elevated. Ras GTPases and RasGAP (Vol. 4, Chap. 9. Guanosine
Triphosphatases and Their Regulators) operate in cardiac maladaptive hypertrophy
due to pressure overload by enhancing the expression of promoters. Similarly to a1-
adrenoceptor stimulation, Ras GTPase favors phosphorylation of RNA polymerase-2
and upregulates the expression of cyclin-dependent kinase-7 [266].
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Concentration of small Rad GTPase?! significantly decays in cardiac maladaptive
hypertrophy induced by pressure overload and failing hearts [267]. GTPase Rad
impedes cardiac maladaptive hypertrophy via CamK28. In cardiomyocytes, Rad
inhibits CamK?2 phosphorylation and autonomous activity.

In addition, Rem GTPase hinders the excitation—contraction coupling in striated
myocytes by reducing the number of functional Cay 1.2 channels [268].

Mutually exclusive binding of calmodulin and 14-3-3 protein to Gem and Kir
GTPases modulates Cay 1.2 transport to the plasma membrane. Nuclear transport
controls the location of RGK GTPases in cells and thus their activity. Calmodulin
binding hampers Kir and Gem translocation into the nucleus, as calmodulin interferes
with importin-a5 binding that allows nuclear import [269].2> On the other hand,
protein 14-3-3 binding sequesters RGK GTPases in the cytoplasm. Nuclear transport
into the nucleus of Kir and Gem GTPases is also regulated by phosphorylation (that
inhibits importin binding) and dephosphorylation.

Cytoskeletal proteins can influence the transcriptional alterations associated with
adverse cardiac remodeling. Myozenin-2 (or calsarcin- 1), another Z-disc protein, pre-
cludes the PP3—NFAT pathway in cardiomyocytes [270]. The cytoskeletal molecule,
four and a half LIM domain-containing protein, FHL2 prevents ERK2-mediated pro-
hypertrophic signaling and serum response factor (SRF)-mediated transcription. The
titin-associating complex also hampers SRF-mediated transcription, as it regulates
the localization of the ubiquitin ligase MuRF2 that impedes SRF activity.

Muscle-specific Actin-binding Rho-activating protein (ABRA)? localized to the
Z-disc and M-line activates SRF-dependent transcription. It supports the nuclear
translocation of the SRF coactivators myocardin-related transcription factors MRTFa
and MRTFb [270]. The Abra promoter contains a binding site for myocyte en-
hancer factor MEF2, a stress-responsive transcriptional activator. Protein ABRA thus
functions as a cytoskeletal intermediary between MEF2 and SRF factors. Overex-
pression of ABRA in the heart sensitizes the heart to pressure overload and calcineurin
signaling.

21 Small Ras GTPase associated with diabetes Rad with related GTPases (Gem, Kir, Rem, and
Rem?2) form the RGK class of the RAS hyperfamily of small GTPases. This hyperfamily comprises
many superfamilies, families, and subfamilies, such as RAS, RHO (Rho, Rac, and Cdc42), ARF,
RAB, RAN, and RGK sets. Small RGK GTPases are inhibitors of voltage-dependent calcium
channels. In the cardiovascular apparatus, small GTPases participate in the regulation of functioning
of endothelial and smooth muscle cells as well as cardiomyocytes. Small Rad GTPase can inhibit
insulin-stimulated glucose uptake in myocytes and adipocytes. Moreover, Rad and Gem modulate
cytoskeleton remodeling via the Rho—RoCK pathway. In addition, Rad overexpression prevents
SMC migration and suppresses neointimal formation after balloon injury [267].

22 Small Rem GTPase also binds to importina5, whereas Rad GTPase links to importins-a3, -a5,
and -B [269].

2 ak.a. Striated muscle activator of Rho signaling (StARS).
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3.2.4.8 Soluble Epoxide Hydrolase

Soluble epoxide hydrolase catalyzes the conversion of epoxyeicosatrienoic acids
(EETs) into dihydroxyeicosatrienoic acids (DHETSs).?* Soluble epoxide hydro-
lase also participates in angiotensin-2-induced cardiac maladaptive hypertrophy
due to hypertension. Soluble epoxide hydrolase is upregulated by vasoconstrictor
angiotensin-2 to mediate its effect [271]. Angiotensin-2 increases expression of sol-
uble epoxide hydrolase via mitogen-activated protein kinase and activator protein
AP1 in vascular endotheliocytes. In addition, epoxyeicosatrienoic acids increase
the opening for both sarcolemmal and mitochondrial cardioprotective ATP-sensitive
potassium channels, whereas angiotensin-2 prevents their activity.

3.2.4.9 Nicotinamide Phosphoribosyltransferase

Maladaptive cardiac hypertrophy is associated with reduced levels of nicotinamide
adenine dinucleotide (NAD). Intracellular nicotinamide phosphoribosyltransferase
(AINAmPT) is a rate-limiting enzyme in NAD synthesis, thereby participating in the
regulation of activity of several NAD-using enzymes. Production of NAmPT is up-
regulated in response to hypoxia; its expression is correlated with atherosclerosis. It
is secreted and released into the blood circulation. Extracellular eNAmMPT acts as a
proinflammatory cytokine locally and remotely. Level of circulating NAmPT rises
in obesity, type-2 diabetes, and chronic inflammatory diseases. Cardiomyocytes se-
crete NAmPT under stresses, thereby supporting development of adverse ventricular
remodeling (hypertrophy and fibrosis) [297]. The NAmPT action is mediated by the
PP3-NFAT pathway and activation of JNK1, P38MAPK, and ERK kinases.

3.2.4.10 Calpains

Cardiac remodeling is associated with increased levels of circulating catecholamines
and angiotensin-2 subsequent to stimulation of the sympathetic nervous system and
of the renin—angiotensin axis, respectively. These mediators produce oxidative stress
and cytosolic Ca®* overload and activate peptidases, such as matrix metallopepti-
dases, cathepsins, caspases, and calpains, which function cooperatively and degrade
both intra- and extracellular substrates.

2* Three enzymes, cyclooxygenase, lipoxygenase, and cytochrome-P450 epoxygenase, produce
eicosanoids from arachidonic acid derived from membrane phospholipids (Vols. 4, Chap. 2.
Signaling Lipids and 5, Chap. 7. Vessel Wall). Cytochrome-P450 epoxygenase produces four
epoxyeicosatrienoic acids: (5,6)-, (8,9)-, (11,12)-, and (14,15)-EETs. The latter modulate several
signaling cascades by increasing intracellular Ca>* concentration and stimulating Ca>*-activated
K™ channel. These molecules also operate as endothelium-derived hyperpolarizing factors to
generate vasodilation.
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Table 3.7 Calpain substrates in cardiac remodeling and failure. (Source: [272])

Target Calpain effect

ABCal Degradation

Actin Plasma membrane repair

Ankyrin, fodrin Sarcolemma rupture

Cayl1.2 Atrial fibrillation, disturbance of excitation—contraction coupling

Cadherin-5 Loss of adherence junctions, hyperpermeability

Ezrin, talin Cytoskeletal remodeling, extravasation and migration of leukocytes
(cardiac inflammation)

Fibronectin Endotheliocyte migration and growth, endothelium repair

IkBa NFkB activation, cardiac hypertrophy and inflammation

PKB-associated HSP90 | PKB inactivation, limitation of cardiac hypertrophy

PP3 NFAT activation, cardiac hypertrophy

TGFp-associated LAP | Collagen synthesis, cardiac fibrosis

Troponin-T Sarcomere structure degradation

ABC ATP-binding cassette transporter, HSP heat shock protein, IkB inhibitor of NFkB, LAP
latency-associated peptide, NFkB nuclear factor-kB, NFAT nuclear factor of activated T cells,
TGF transforming growth factor

Hypertension characterized by increased blood pressure and total peripheral re-
sistance causes cardiac remodeling and alteration of the calpain—calpastatin balance
[272].

Calpains may contribute to myocardial hypertrophy and inflammation mainly
via activated NFkB, as they degrade the inhibitor IkBa (Table 3.7). The signal-
ing cascade downstream from G-protein-coupled receptors bound to their cognate
ligands, such as angiotensin-2 (AT;), endothelin, and noradrenaline, include suc-
cessively PI(4,5)P, of the plasma membrane, PLC, IP3, IP;R of the endoplasmic
reticulum, and Ca®* release from its store into the cytosol, which may be amplified
by chromogranin-B, thereby allowing calpain activation [272]. Factor NFkB pro-
motes the transcription of numerous genes that encode apoptosis inhibitors (IAP1,
BCL2, BCLxL) and mediators of cardiomyocyte hypertrophy. Calpains can also ac-
tivate PP3 phosphatase responsible for the translocation of nuclear factor of activated
T cells to the nucleus, where it induces the expression of prohypertrophic genes.

On the other hand, activated calpain limits the expression of prohypertrophic
genes by degrading PKB-associated heat shock protein HSP90 that stabilizes PKB
phosphorylated (activated) by phosphoinositide-dependent kinase PDK1 [272]. In
the absence of calpain, phosphorylation of glycogen synthase kinase GSK3p by PKB
represses its antihypertrophic effects.

In summary, calpain targets many antagonist signaling axes that either promote
or preclude maladaptive hypertrophy. However, the balance between these pathways
favors cardiac hypertrophy.
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When the heart continuously experiences stress, synthesis of stress proteins, such
as HSP10, HSP60, and HSP70 increases, being partly secreted. Binding of HSPs to
Toll-like receptors at the surface of immune and cardiac cells causes the expression of
cell adhesion molecules, chemokines, and chemokine receptors [272]. Subsequently,
inflammatory leukocytes, such as monocytes, neutrophils, and lymphocytes, are
recruited and activated.

Calpains also intervene in fibrosis partly by activating transforming growth factor-
B. Extracellular calpain activates the latent form of TGFp, as it cleaves latency-
associated peptide (LAP). Intracellular calpain can also activate the latent TGFp in
the Golgi body of pulmonary arteriole smooth myocytes [272]. Stimulated fibroblasts
are transformed into active myofibroblasts that liberate proinflammatory cytokines
and collagens. Accumulation of collagen-1 and -3 is not balanced by degradation. The
profibrotic action of calpains may be explained by an increase in collagen deposition
rather than a decrease in collagen degradation [272]. Binding of angiotensin-2 to AT}
receptor can transactivate EGFR, which activates calpains via increased intracellular
calcium level and mitogen-activated protein kinase, thereby favoring matrix protein
synthesis under TGFP control. Factor TGFP promotes via SMADs production of
collagen-1, as its gene promoter contains a SMAD-binding site, as well as that of
connective tissue growth factor CTGFp implicated in collagen synthesis.

Pressure overload-promoted aggregates of ubiquitinated proteins in the heart
can be substrates of autophagy; although ubiquitin—proteasome and autophagy—
lysosome axes have distinct substrates, they cooperate [273].

3.2.4.11 Kinases

Calcium—Calmodulin-Dependent Protein Kinase CamK2

Calcium—calmodulin-dependent protein kinase CamK23 phosphorylates class-2 hi-
stone deacetylases, causing HDAC nuclear export and thus relieving repression
exerted by HDACs on transcription by myocyte enhancer factor MEF2, leading
to altered gene expression, maladaptive hypertrophy, and heart failure [265].

Glycogen Synthase Kinase GSK3

During pressure overload, phosphorylation (inactivation) of glycogen synthase ki-
nase GSK3a (Ser21) and GSK38 (Ser9) mediates heart maladaptive hypertrophy and
failure, respectively [274]. Glycogen synthase kinase-3f is an inhibitor of hyper-
trophic signaling, as it phosphorylates NFAT and prevents its entry into the nucleus,
hence precluding expression of hypertrophic genes. Under pressure overload, inhibi-
tion of phosphorylation of GSK3a (Ser21), but not that of phosphorylation in GSK38
(Ser9), as GSK3a is preferentially located in the nucleus, allows phosphorylation
(inhibition) of G1 cyclins, and suppresses E2F and markers of cell proliferation, such
as phosphorylated histone-3.
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PIM Kinase

Protein Ser/Thr kinase PIM 1 exerts potent cardioprotective effects in the myocardium
downstream from protein kinase-B, as it weakens myocardial hypertrophy in re-
sponse to pressure overload [275]. Overexpression of PIM1 in cardiomyocytes
impedes ET1-induced hypertrophy, increases ANP expression, and reduces PMHC
synthesis. Kinase Piml also induces SERCA2a pump and phospholamban ex-
pression. Other Pim1 salutary effects include decreased apoptosis, fibrosis, and
NecCrosis.

Protein Kinase-C

Whereas the PI3K-PKB pathway induces adaptive cardiac hypertrophy, protein
kinase-Cp2 promotes maladaptive cardiac hypertrophy in the absence of active
phosphoinositide 3-kinase [276]. The PI3K-PKCp2 axis actually improves cardiac
function, as PI3K reduces PKCp2 synthesis. The PI3K kinase mainly controls adap-
tive development of cardiomyocytes and can modulate PKCB2 activity to rescue
cardiac function upon PKCP2 overexpression.

Protein Kinase-G

Two major types of PKG exist: (1) a soluble, widespread PKG1, which lodges in
smooth muscle and endothelial cells, leukocytes, in particular neutrophils and mono-
cytes, and neurons, and (2) a membrane-bound PKG2 of more restricted location.
Two isoforms of PKG1 are produced from alternative splicing of the Pkg1 transcript
(PKG1a-PKG18). They differ in their N-terminus, which encodes a dimerization
and autoinhibitory domain. Subtype PKG1 targets cAMP response-element-binding
protein that mediates the effect of the NO—cGMP-PKG axis on the Fos promoter.

In cardiomyocytes, PKG1 does not affect cardiac maladaptive hypertrophy caused
by mild pressure overload in the absence of guanylate cyclase stimulators or phospho-
diesterase inhibitors [277]. Antihypertrophic action of PKGI relies on stimulation
of its relevant targets (e.g., PP3 and Gq cascades); PDES inhibitor augments PKG1
activity in moderate and severe hypertension [278].

Raf-MAP2K Pathway

Small Ras GTPase is activated by many prohypertrophic stimuli. Overexpression of
Ras causes adverse cardiac hypertrophy and heart failure. Activated Ras recruits
the Raf kinase to the plasma membrane where it is activated and then triggers
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the MAPK cascade. In particular, activated bRaf-MAPK module causes cardiomy-
ocyte hypertrophy.?> The prohypertrophic Raf-MAP2K1/2 pathway is inhibited by
reticulocalbin-1 (RCnl1) that then reduces cardiomyocyte hypertrophy as well as ex-
pression of the hypertrophic factors ANP and BNP [279]. The antihypertrophic RCn1
reduces bRaf- and cRaf-induced MAP2K1/2 phosphorylation.

Reticulocalbin-1 belongs to the CREC protein family of low-affinity Ca’>*-binding
proteins (RCn1-RCN3, stromal cell-derived factor SDF4, and calumenin) [280].2¢

3.2.4.12 Cyclin-Dependent Kinase Inhibitors

The cell cycle regulator cyclin-dependent kinase inhibitor CKI1b, the activity of
which is impeded by antiapoptotic casein kinase-2 (CK2a’), hampers maladaptive
enlargement of cardiomyocytes exposed to hypertrophic stimuli such as angiotensin-
2 [281]. Regulator CKI1b is both an inhibitor and a substrate of CK2a enzyme. Upon
stimulation by angiotensin-2, CK2o’ phosphorylates CKI1b for degradation, thereby
favoring cardiomyocyte hypertrophy. Conversely, unphosphorylated CKI1b binds to
and inhibits CK2a’ kinase. Despite a decline in the CKI1b amount in hypertension (as
well as in acute and end-stage heart failure), residual CKI1b content can be sufficient
to exert an inhibition on hypertrophy.

3.2.4.13 Adenosine

Extracellular adenosine reduces cardiac hypertrophy and failure in mice with chronic
hypertension. Adenosine regulates the microtubule cytoskeleton, preferentially tar-
geting stabilized microtubules that contain detyrosinated a-tubulin [282].2” The
reorganization of the cytoskeleton with accumulation of sarcomeric proteins, mi-
crotubules, and desmin promotes cardiac hypertrophy. Adenosine reduces density of
stable microtubules.

25 bRaf can bind and activate cRAF (transphosphorylation). bRaf phosphorylates MAP2K1 and
MAP2K2 more efficiently than aRaf and cRaf.

26 These proteins localize to the cytosol and in various compartments of the secretory pathway. They
are also secreted to the extracellular space or lodge on the cell surface. Calumenin inhibits several
proteins of the endoplasmic reticullum membrane, the vitamin-K1 (2,3)-epoxide (vitamin-K deriva-
tive) reductase (VKOR that yields the reduced form of vitamin-K called vitamin-K hydroquinone),
y-carboxylase, ryanodine receptor, and SERCA pump.

27 Tyrosine is reversibly ligated to the C-terminus of tubulin by tubulin Tyr ligase and removed by
tubulin carboxypeptidase. Microtubules grow and shrink from their functional plus-ends, whereas
their minus-ends localize to the cell center at the microtubule organizing center. Tyrosinated
(tubulin™") or detyrosinated (tubulin®") o-tubulin represent dynamical and stable microtubules,
respectively [283].
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3.2.4.14 Erbin

On the other hand, the widespread molecule ErbB2 (HER2)-interacting protein
(ErbB2IP, or erbin) has a cardioprotective role. It operates in compensated hypertro-
phy and prevents adverse cardiac hypertrophy. Its expression decays in heart failure.
Erbin inhibits Ras-primed ERK activation by binding to suppressor of clear SOC2
homolog (SHOC?2), a promoter of Ras—ERK signaling, as it serves as a scaffold for
both the Ras GTPase and Raf kinase [284]. In the absence of erbin, Raf is phos-
phorylated and binds to SHOC2, thereby supporting ERK phosphorylation. Erbin
inhibits various signaling pathways, not only the Ras—ERK axis but also the NFxB
and TGFB cascades. These 3 pathways contribute to cardiac hypertrophy. In addition,
erbin complexes with HER2 and B2-adrenergic receptor in cardiomyocytes.

3.24.15 Morphogens—Dickkopf-3

Dickkopf-3 (Dkk3)?® is both a cytosolic and secreted glycoprotein that antagonizes
the Wnt—f Ctnn axis, as it interferes with Wnt coreceptors, LDLR-related proteins
and Kremen-1 and -2 (i.e., Dickkopf receptors). Its expression is downregulated
in patients with end-stage heart failure and mice with pressure-overloaded cardiac
hypertrophy [285].

Dickkopf-3 impedes the activation of MAP3KS5, thereby suppressing the acti-
vation of JNK and P38MAPK kinases [286]. The MAP3KS5 enzymatic activity is
suppressed by the reduced thioredoxin form within the MAP3KS5 signalosome? that
also contains the adaptors and Ub ligases TRAF2 and TRAF6 and the deubiquitinase
ubiquitin-specific peptidase USP9x. On the other hand, ROS oxidize thioredoxin
and induce autophosphorylation and oligomerization (activation) of MAP3KS5 in
maladaptive cardiac hypertrophy. Dickkopf-3 acts as a cardioprotective regulator of
adverse cardiac hypertrophy.

3.2.4.16 Growth Factors

In myocardial infarction, the expression of the 3 TGFp isoforms is upregulated.
They participate in inflammation at an early phase and afterward cardiac remodeling.

28 In German, der Dickkopf means obstinacy, stubbornness, mulishness (the expression “einen
Dickkopf haben” signifies to be obstinate, stubborn, or mulish) as well as pighead and bullhead.
Members of the Dickkopf family induce head formation in the Xenopus embryo. The DKK family
includes Dkk1 to Dkk4 and Dkk3-related protein DkkL1 (Soggy). Dickkopf-3 has 2 isoforms, a
55-kDa cytosolic and 50-kDa extracellular subtype. In humans, the soluble form (45-65 kDa) has
2 splice variants of 45-55 and 40 kDa following deglycosylation.

2 The ASK 1 signalosome is activated in response to reactive oxygen species, endoplasmic reticulum

stress, calcium overload, and inflammatory signals mediated by TNFSF1 and lipopolysaccharide
[285].
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Subtype TGFB2 is the predominant isoform in cardiac fibrosis. Isoform TGFB1 is
involved in angiotensin-2-mediated pressure overload-induced cardiac hypertrophy.

In cardiomyocytes, VEGF stimulates cell growth via VEGFR2 and the PKB1
pathway. On the other hand, VEGF causes regression of cardiomyocyte hypertro-
phy. In cultured rat neonatal cardiomyocytes that undergo maladaptive hypertrophy,
copper sulfate (5 wmol for 24 h) increases twofold the ratio of VEGFR1 to VEGFR2
[287]. Receptor VEGFR1 mediates Cu-induced regression of cell hypertrophy via
cGMP-dependent protein kinase PKG1. Copper does not upregulate VEGFR1, but
reduces VEGFR?2 expression.

3.2.4.17 Cytokines

Certain cytokines, such as members of the interleukin-6 family, are implicated in car-
dioprotection as well as pathophysiology (cardiac hypertrophy, inflammation, and
heart failure) via activation of the JaK—STAT pathway (Vol. 4, Chap. 4. Cytoplasmic
Protein Tyrosine Kinases) and signaling termination by suppressors of cytokine sig-
naling (SOCS). The latter constitute a family of eight members (cytokine-inducible
SH2 domain-containing protein [CIS] and SOCS1-SOCS7).

Signaling starts with activation of the common receptor glycoproteic GP130 sub-
unit [288]. All members of the IL6 family that homo- or heterodimerize GP130
activate JaK1, JaK2, and, to a lesser extent, TyK2 kinase. Stimulated cytokine re-
ceptors initiate the activation of Janus kinases. Activated JaKs phosphorylate the
receptor cytoplasmic domains, thereby creating docking sites for signal transduc-
ers and activators of transcription. Once bound to the receptor, STAT proteins are
phosphorylated by JaKs, dimerize, and translocate into the nucleus.

The GP130-JaK—STAT pathway in cardiomyocytes ensures cardioprotection, as
it promotes the activity of antiapoptotic genes and ROS scavengers and upregulates
the angiogenic factors. In fact, the JaK—STAT as well as Ras—ERK and PI3K-PKB
pathways support hypertrophy and survival downstream from the common signal-
transducing receptor GP130 subunit activated by IL6-type cytokines in response to
pressure overload and ischemic injury. However, an excessive activation of this path-
way induces oxidative stress and contributes to the cardiac dysfunction. Therefore,
a well-balanced JaK—STAT signaling must be maintained.

In response to cardiac stresses, cardiomyocytes produce cytokines of the IL6
family (IL6, cardiotrophin-1, and leukemia inhibitory factor). Cytokines of the IL6
family stimulate SOCS1 and SOCS3 via the GP130-JaK—STAT axis. Both SOCS1
and SOCS3 suppress the GP130-JaK—STAT signaling (negative feedback). The
SOCS proteins interact with elongin-B and elongin-C, Cullins, and the RING fin-
ger domain-only protein Rbx2 to form a ubiquitin ligase complex that mediates the
degradation of bound partners of SOCS proteins. Moreover, both SOCS1 and SOCS3
can directly inhibit JaKs using their kinase inhibitory region.

The SOCS proteins can be stimulated by messengers independently of the JaK—
STAT signaling. Inducers of SOCSs in the myocardium include, in addition to IL6
family cytokines, other cytokine types, such as interferon-y and tumor-necrosis
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factor-a, as well as angiotensin-2 [288]. Myocardial SOCS3 expression is upreg-
ulated at the onset of the development of maladaptive hypertrophy by angiotensin-2
and by pressure overload. In the heart, SOCSI intervenes in inflammation, hav-
ing anti-inflammatory effects in autoimmune myocarditis, but the cardiac-specific
SOCSI1 overexpression increases susceptibility to viral infection of the heart [288].
Cardiotrophin-1 (CT1), amember of the IL6 family, is produced by cardiac myocytes
and fibroblasts subjected to mechanical stress overload and/or exposed to excessive
amount of angiotensin-2 [289]. Secreted CT1 interacts with heterodimeric receptor
formed by GP130 and leukemia inhibitory factor receptor (LIFR) to initiate exagger-
ated cardiomyocyte growth, reduce calsequestrin expression, and impede formation
of longitudinal bundles of cardiomyocytes.

Oncostatin-M (OsM) is a pleitropic cytokine of the IL6 family that signals via
plasma membrane receptors that contain protein GP130 on various cell types. Type-1
and -2 oncostatin-M receptors are GP130-LIFR and GP130-OsMR complexes, re-
spectively. Some cell types stimulated by OsM are irresponsive to LIFR, but respond
to the OsMR receptor. Specific OsM activity is mediated by the type-2 receptor,
whereas common functions of LIF and OsM depend on the type-1 receptor.

Expression of interleukin-1 receptor family*® member IL1IRL1 can be primed by
mechanical stimuli in cardiomyocytes. Plasma concentration of soluble (secreted)
IL1RL1S form rises in patients with chronic heart failure [290]. It can serve as a
predictor of mortality or needed transplantation independently of B-type and proatrial
natriuretic peptides.

Aberrant JaK—STAT signaling promotes evolution from maladaptive hypertrophy
to heart failure [291]. When SOCS1 expression is upregulated in the decompensated
phase, but not at the onset, of maladaptive hypertrophy induced by chronic pressure
overload, it causes a transition to heart failure associated with sustained inhibition
of the GP130 cytokine receptor. Whereas SOCS3 is mainly stimulated by IL6-type
cytokines, SOCSI is highly susceptible to Ifny stimulation.

3.2.4.18 Serotonin

Serotonin supports cardiomyocyte hypertrophy via the production of reactive oxy-
gen species by monoamine oxidase-A and stimulation of SHT,5 receptors. The
hypertrophic SHT,4—Ca?T—PP3-NFAT pathway is independent of the hypertrophic
MAOa-ERK axis, which is activated at a different serotonin concentration [292].

3.2.4.19 Urocortin

Urocortin, a corticotropin-releasing hormone-related peptide, is involved in car-
diovascular and inflammatory responses, as it acts on central and peripheral CRH

30 The interleukin-1 receptor family includes type-1 and -2 interleukin-1 receptor (ILIR1-IL1R2),
and I11R-like-1 and -2 receptors (ILIRL1-IL1RL2), as well as IL1R accessory protein (IL1IRAcP)
and IL1R-related protein (IL1RRP).
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receptors, especially CRH, receptors in the heart (Vol. 1, Chap. 2. Cells of the Blood
Circulation).

In cardiomyocytes, urocortin-2 has cAMP- and Ca®*-dependent positive in-
otropic and lusitropic effects. In addition, urocortin-2 activates nitric oxide that
raises cytosolic concentrations of NO, cAMP, and cGMP mediators. In isolated
rabbit ventriculomyocytes, it increases phosphorylation of: (1) PKB (Ser473 and
Thr308; activation) via corticotropin-releasing factor CRF, receptors and PI3K;
(2) NOS3 (Ser1177) via the PI3K-PKB and cAMP-PKA axes; and (3) ERK1 and
ERK?2 (Thr202 and Tyr204) via MAP2K1 and MAP2K2 [293].

3.2.4.20 Galectin

Galectin-3 secreted by activated macrophages is a marker of cardiac maladaptive
hypertrophy due to hypertension that evolves toward heart failure (Table 3.8).

Galectin-3 enhances macrophage and mastocyte infiltration, increases cardiac
fibrosis, and promotes cardiac remodeling [294]. It augments TGFp expression and
SMAD?3 phosphorylation. Its effects are partly or completely impeded by Nacetyl-
seryl—aspartyl-lysyl—proline.

3.24.21 Mucin-16

Mucin-163' is a glycoprotein that serves as a marker for heart failure and certain
types of cancers. In fact, concentrations in B-type natriuretic peptide and Muc16 are
significantly higher in subjects with heart failure than in the absence of heart failure
as well as in severe rather than in mild heart failure [295]. Other tumor marker levels
do not markedly vary. Concentrations in Muc16 and BNP that are correlated with
heart ejection function decay after clinical improvement. Combined measurement of
Muc16 and BNP levels thus evaluates short-term therapy efficiency.

3.24.22 Cystatin-3

Cystatin-C or cystatin-33? is a protein encoded by gene CST3 that can be detected in
all tissues and body fluids (e.g., saliva, tear, milk, and semen). It is a potent inhibitor
of lysosomal peptidases as well as extracellular cysteine peptidases

31 A k.a. carbohydrate antigen-125 and cancer antigen-125 (CA125).

32 Cystatin-C is also called y-trace, posty-globulin, and neuroendocrine basic polypeptide. It is
mainly used to assess the kidney function and as a marker of amyloid deposition-associated brain
disorders. Cystatin-C belongs to the type-2 cystatin family that includes stefins, or type-1 cystatins,
and kininogens. Cystatin-C dimerizes.
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Table 3.8 Biochemical indices of myocardial maldaptive remodeling. (Source: [289]). Markers
detected in blood circulation or in the heart by imaging are used in screening, diagnosis, prognosis,
and therapeutic monitoring. Annexin-A5 is associated with excessive cardiomyocyte apoptosis.
Collagen-derived peptides such as carboxy-terminal propeptide of procollagen-1 that is released
into blood after cleavage of procollagen-1 into collagen-1 by peptidase is correlated with myocardial
fibrosis. High blood concentration of matrix metallopeptidase-1 that reflects increased collagen
degradation can serve as an index of progression to heart failure. In plasma, soluble (secreted)
interleukin-1 receptor (IL1R)-like-1 receptor (ILIRL1%) is a marker for neurohormonal activation
in patients with heart failure. Cystatin-C, or cystatin-3, is a potent inhibitor of lysosomal peptidases

Molecules related to cardiomyocyte injury

Hormones Natriuretic peptides, urocortin

Growth factors | Insulin-like growth factor-1,

Cytokines TNFSF1, TNFSF6, TNFRSF6a, interleukin-6, cardiotrophin-1, oncostatin-M,
leukemia-inhibitory factor

Miscellaneous | Annexin-A5, mucin-16, neuregulin, myosin light chain-1, fatty acid-binding
protein

Molecules related to extracellular matrix alteration

Growth factors | TGFp, connective tissue growth factor

Constituents C-terminal propeptide of procollagen-1, osteopontin, thrombospondin,
cystatin-C (Cst3)
Enzymes MMP2, MMP9, TIMP4

Molecules related to inflammation and oxidative stress
Cytokines IL1a, soluble TNFRSF1la
Chemokines CCL2

Enzymes Myeloperoxidase, superoxide dismutase

Miscellaneous | Nitrotyrosin, 8-OH-2deoxyguanosine

Molecules related to neurohormonal activation

Messengers Adrenomedullin, neuropeptide-Y, urodilatin

Mediators Soluble EGFR, soluble IL1RLI1

Molecules secreted by leukocytes

Miscellaneous | Galectin-3

3.2.4.23 Vasodilator-Stimulated Phosphoprotein

Vasodilator-stimulated phosphoprotein (VASP) is an actin-binding protein and a sub-
strate of cyclic nucleotide-dependent kinases (PKA and PKG). In normal hearts,
VASP abounds in intercalated discs. Its production is upregulated in hypertrophied
hearts [296]. In cardiomyocytes, stimulated Gs-coupled f-adrenoceptor activates
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adenylate cyclase and cAMP-dependent pathway, thereby rapidly priming the re-
versible phosphorylation of VASP (Ser157 and Ser239).* On the other hand,
activation of particulate guanylate cyclase by atrial natriuretic peptide as well as
that of soluble guanylate cyclase by nitric oxide (mostly endotheliocyte-derived NO)
cause VASP phosphorylation only at a single residue (Ser239) [296]. Elevated con-
centrations of phosphorylated VASP in hypertrophic heart models may reflect the
cytoskeletal remodeling observed in the transition to heart failure.

3.2.5 Electrochemical Remodeling

Myocardium mechanical activity is driven by electrochemical wave genesis and prop-
agation. Depolarization—repolarization cycles are produced by ion fluxes through
specific ion channels, pumps, and exchangers (Vols. 3, Chap. 3. Main Sets of Ion
Channels and Pumps and 5, Chap. 5. Cardiomyocytes).

Upon fast Nat influx, action potential duration is determined by the balance
between inward depolarizing currents mainly due to Na* and Ca’>* and outward
repolarizing currents (that makes cardiomyocyte more negatively charged at its in-
tracellular leaflet of plasma membrane) principally due to K* efflux (Table 3.9).
Redundant K™ fluxes allow a repolarization reserve. When a given type of K cur-
rent is dysfunctional, other KT fluxes can compensate. However, action potential
duration can heighten and weaken cardiac rhythm stability.

Congestive heart failure is often associated with ventricular tachyarrhythmias
[298]. Repolarization change that prolongs action potential duration aims at im-
proving cellular Ca?* influx and maintaining contractility. Slowly inactivating Na*
current augmentation contributes to action potential duration extension. Calcium
uptake in the sarcoplasmic reticulum by SERCA decays. Expression of Nat—Ca’*
exchanger is upregulated to redress defective cytosolic Ca?>* removal when intra-
cellular Ca>* concentration is high. However, Na*—Ca?* exchanger that enhances
Ca2* extrusion reduces sarcoplasmic reticulum CaZ* store, thus further altering con-
tractility. Synthesis of voltage-dependent K channels is downregulated. Current iy
especially diminishes, thereby generating longer action potential.

In addition, change in cardiomyocyte coupling by connexins of gap junctions
impairs spatial distribution of action potential in the myocardium.

The activated sympathetic nervous system and renin—angiotensin—aldosterone
axis also affect cardiac electrochemical command. B-Adrenoceptor stimulation in-
creases ix s and ic,1 currents. Angiotensin-2 and aldosterone enhance in, and ic,,
currents, but attenuate ik, and ig; currents.

33 Three phosphorylation sites (Ser157, Ser239, and Thr278) exist. Serine,s; is targeted by PKA,
Ser239 by PKG, and Thr278 by AMP-activated protein kinase. Phosphorylation of VASP is
implicated in endothelial permeability, angiogenesis, and platelet aggregation.
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Table 3.9 Cardiomyocyte

T e Phase Type of ion flux | Ion current
depolarization—repolarization
cycle and main associated Depolarization Na™ influx iNa
ionic fluxes and currents Initial repolarization K+ efflux iK to
Plateau Ca’* influx icaL
K" efflux iKr
Repolarization K™ efflux iKr
K+ efflux iKs
K* influx iK1
Pacemaker depolarization | Cation influx i
(ineN)

HCN hyperpolarization-activated, cyclic nucleotide-gated
channel, ic,p: L-type Ca* current [Cay1.2], ik 1o transient-
outward K™ current [Ky4], ik, rapid delayed-rectifier K+
current [Ky11.1], ixs slow delayed-rectifier K+ current
[Ky7.1], ix; inward-rectifier background K current [Kig2],
ir depolarizing “funny” pacemaker current [HCN2/4]

Delayed repolarization can generate early after depolarizations. Impaired re-
fractoriness is associated with atrial fibrillation that is related to ic,1. reduction in
atriomyocytes. Augmented cytosolic Ca?>* concentration activates PP3, as it favors
calcium—calmodulin binding to PP3 phosphatase. The latter dephosphorylates nu-
clear factor of activated T-cells that translocates to the nucleus, where it represses
expression of the gene that encodes Cay 1.2 channel. Reduced inward Ca?* current
causes shorter cell polarity plateau. Moreover, downregulation of voltage-gated K*
channels weakens ik t, current, whereas ig; current increases because of heightened
production of Kjg2.1 subunits.

3.2.6 Structural Remodeling

Cardiac remodeling is characterized by cardiomyocyte hypertrophy, i.e., an in-
crease in cardiomyocyte size (Iength and/or width), which is primed by mechanical
deformation detected partly by integrins and neurohumoral signaling (release of
catecholamines, endothelin-1, angiotensin-2, cytokines, chemokines, and growth
factors).

Myocardiocyte remodeling is associated with rearrangement of cell organelles.
Calcium handling abnormalities are linked to alterations in sarcolemma, sarcoplas-
mic reticulum, and mitochondria.
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3.2.6.1 Maladaptive Cardiomyocyte Growth

Myocardial hypertrophy can be either adaptive or maladaptive according to car-
diomyocyte contractility, the former being associated with normal or even improved
function, and the latter with impaired contractile function. Abnormal hypertrophy
is a feature of many heart pathologies, such as congenital defects, hypertension,
and cardiac ischemia. Essential hypertension is a predisposing risk factor for stroke,
myocardial infarction, heart failure, arterial aneurysms, and chronic renal failure.

The development of cardiac maladaptive hypertrophy, especially left ventricular
hypertrophy, in response to hypertension (i.e., increased hemodynamic load), and
neurohormonal stress is initially a compensatory response, which causes ventricular
dilation and heart failure when pressure overload is sustained over a long period.

Gene clusters associated with adaptive hypertrophy predominantly comprise
genes involved in metabolism and cell growth, whereas maladaptive hypertrophy
is characterized by changes in gene clusters involved in oxidative stress responses,
inflammation, and apoptosis.

Compensated maladaptive hypertrophy leads to heart failure by recruiting ad-
ditional genes (Gata4, RAB7, NRAS, GNA12, STAT3, STAT5B, FYN, CRKO,
MYCN, PTEN, AKTI1, and IL6ST [GP130]) [334]. Proteins that are differen-
tially expressed during left ventricle hypertrophy in mice comprise LIM proteins,
thioredoxin, myoglobin, fatty acid-binding protein-3, and myofibrillar proteins.

Maladaptive myocardial hypertrophy is characterized by increased cell size,
enhanced protein synthesis, activated fetal genes, reorganized cytoskeleton, and in-
creased cardiomyocyte apoptosis. It is combined with alterations in the extracellular
matrix with possible fibrosis.

Signaling mediators include mitogen-activated protein kinase, signal transducer
and activator of transduction STAT3, calmodulin-dependent kinase, and Ca*t-
dependent PP3 phosphatase. Regulator of G-protein signaling RGS5 synthesized
in the mature heart is an inhibitor of G-protein—mediated signaling that inactivates
Ga; and Gag, which mediate actions of most vasoconstrictors. Overexpression of
RGSS5 limits cardiac maladaptive hypertrophy and fibrosis, as it inhibits ERK1 and
ERK?2 signaling [299]. On the other hand, in RGS5( — / — ) mice, maladaptive
hypertrophy resulting from pressure overload is stronger.

Calcium- and integrin-binding protein CIB1, or calmyrin, localizes primarily
to the sarcolemma (including T tubules) in human cardiomyocytes.>* It anchors
phosphatase PP3; regulatory B subunit® to control its activation in coordination
with Cay 1.2a channel. Both CIB1 amount and membrane association rise in cardiac
maladaptive hypertrophy, but not in adaptive hypertrophy [300]. It elicits the activity
of the PP3—NFAT axis upon pressure overload, but not exercise.

3 Tt can be myristoylated at its N-terminus to lodge at the plasma membrane. It interacts with
multiple proteins that reside near the plasma membrane, such as oyfs-integrin, focal adhesion
kinase, P21-activated kinase, sphingosine kinase-1, and Rac3 GTPase.

35 Phosphatase PP3 is a heterodimer made of a catalytic A and regulatory B subunit.
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Table 3.10 Activated vascular endothelium in inflammation. (Source: [303])

Endothelial receptor Partners

Chemotaxis

CCL2 CCR2, CCR4 (monocytes and T lymphocytes)
CXCLS8 CXCRI1, CXCR?2 (neutrophils)

Adhesion

E/P-selectin Sialyl-Lewis X, PSGL1

Integrins

ICAM1, VCAMI1, MAdCAM1 Integrins

ESAM

JAM

3.2.6.2 Inflammation

Cardiac structural remodeling is associated with inflammation, a basic cellular pro-
cess in innate and adaptive immunity, followed by healing. Deregulated inflammation
is implicated in cardiovascular diseases such as hypertension and atherosclerosis and
associated risks (obesity and diabetes).

When the antioxidant defense is overwhelmed, reactive oxygen species stimulate
production of inflammatory cytokines that activate kinases and matrix metallopep-
tidases involved in cardiomyocyte death and disruption of the extracellular matrix,
respectively.

Molecules mainly produced by cells of the innate immunity (e.g., IL18 and
MMP9 and those manufactured by cells of the adaptive immunity (e.g., TNFSF1
and TNFSF5) are involved in vascular inflammation [301].

When they are activated, IL1, IL6, TNFSF1 (proinflammatory cytokines and
hence upstream mediators) trigger the release of hepatic acute-phase proteins
(downstream mediators and markers of inflammation), such as C-reactive protein,
fibrinogen, and plasminogen activator inhibitor-1 (serpin-E1) [302].

Vascular Endotheliocytes

The endothelium is a nonadhesive and selective barrier that control the vascular
permeability, tone, growth, and remodeling, among other tasks. It maintains a qui-
escent state with antithrombotic, anti-inflammatory, and antiproliferative properties.
It receives a set of activators that promote inflammation with increased permeabil-
ity, supported leukocyte adhesion and transmigration, and promoted prothrombotic
state.

Vascular endotheliocytes control the initiation, amplification, and resolution of
the inflammatory response to injuries caused by chemical and physical stimuli. It
controls expression of chemokines and cell adhesion molecules, thereby regulating
the site, extent, and duration of inflammation (Table 3.10).
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Table 3.11 NFkB in vascular inflammation. (Source: [303])

Activators Effect

Oxidized low-density lipoprotein Gene transcription

Very-low-density lipoprotein Synthesis of cytokines TNFSF1, IL1/8
Lysophosphatidic acid and adhesion molecules
Angiotensin-2 E-selectin, VCAM1, ICAM1

Table 3.12 Endothelial pattern-recognition receptors (PRR) and pathogen-associated molecular
patterns (PAMP) and danger-associated molecular patterns. (DAMP; Source: [303]). The NLRP3
inflammasome is activated by various PAMPs and DAMPs

PPRs PAMPs and DAMPs
CDSs PAMPs:
CLRs Lipopolysaccharide, peptidoglycan, flagellin,
NLRs Microbial ds/ssRNAs
RLRs DAMPs:
TLRs Heat shock proteins,
High-mobility group box protein HMGBI,
Hyaluronan fragments,
ATP, uric acid, cholesterol crystals

CDS cytosolic DNA sensor, CLR C-type lectin receptor, NLR nucleotide-binding oligomerization-
domain (NOD)-containing protein-like receptor, RLR retinoic acid inducible gene-1 (RNA helicase
RGI1) protein-like receptor, TLR Toll-like receptor, dsRNA double-stranded RNA, ssRNA single-
stranded RNA

Endotheliocyte activation is commonly classified into 2 types [303].

Type-1 activation is a rapid but transient response that loosen the intercellular
junctions, thereby increasing the permeability of the paracel-
lular route, and favor exocytosis of Weibel-Palade bodies, hence
releasing stored von Willebrand factor and P-selectin.

Type-2 activation amore sustained and delayed response that involves the synthesis
of proinflammatory cytokines and adhesion molecules.

Multiproteic complex defined by their structure, composition, dynamics, and
function behave as hubs in cell signaling. Numerous signalosomes integrate the
proinflammatory signaling from the plasmalemmal receptors to proper transcription
factors (e.g., NFkB; (Table 3.11). Inflammasomes (Vol. 5, Chap. 11. Tissue Develop-
ment, Repair, and Remodeling) associated with pattern-recognition receptors (e.g.,
TLRs; Vol. 3, Chap. 11. Receptors of the Immune System) rely on nucleotide-binding
oligomerization-domain (NOD)-like receptors (NLR) to mediate innate immunity
(Table 3.12).
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MicroRNAs

MicroRNAs are intra- and intercellular messengers that modulate inflammation in
endotheliocytes. MicroRNA-21 is highly expressed in endotheliocytes. It targets
transcripts of RhoB, PTen, PPARa (nuclear receptor NR1cl), Sprouty-1 and -2,
PDCD4, BCL2, TB R2 receptor, and MEF2c factor, among others [303].

MicroRNA-10a, which is downregulated at the atheroprone region, suppresses
NF«B activation [303]. The nuclear translocation of P®NFkB can also be inhibited
by miR181b that target importin-a3.

The miR221-miR222 cluster suppress the endothelial expression of ETSI, a
regulator of vascular inflammation [303].

MicroRNAs suppress the transcription of genes encoding for proinflamma-
tory messengers and their plasmalemmal receptors. MicroRNA-125a/b-5p inhibits
endothelin-1 expression and miR155 targets angiotensin receptor AT—1.

MicroRNAs also control endothelial inflammation via transcripts of proteins
involved in leukocyte recruitment. MicroRNA-126, miR31, and miR17-3p target
VCAM]I, E-selectin, and ICAM1, respectively [303].

Last, but not least, microRNAs can be released from endotheliocytes via extra-
cellular vesicles to smooth myocytes in particular. MicroRNA-126 is enriched in
apoptotic bodies released from endotheliocytes convey paracrine signals to limit
atherosclerosis evolution [303]. Conversely, monocytes secrete miR15a that target
MyB in endotheliocytes.

Cytokines

Myocardial expression and blood level of IL1 rise in patients with coronary artery
disease, acute myocardial infarction, dilated cardiomyopathy, and congestive heart
failure [304]. Tumor-necrosis factor TNFSF1 and IL1f can ensure cardiomyocyte
protection.

ROS-NF«B-TGFp Axis

Moreover, reactive oxygen species excite the fibrogenic NFkB-TGFp axis. Nuclear
factor-kB is involved in inflammation and healing after myocardial infarction. It
triggers expression of proinflammatory cytokines, such as TNFSF1 and interleukins.
The complement system that participates in neutrophil and monocyte recruitment
early after heart injury is activated in ischemic organs.

Toll-Like Receptors

Toll-like receptors of the innate immunity initiate inflammatory response from im-
munocytes. In leukocytes, TLR9 recognizes DNA from bacteria and injured host
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cells and operates via MyD88 adaptor. In the brain and heart, inflammation can be
harmful. On the other hand, in neurons and cardiomyocytes, TLR9 is involved in an
alternate, noninflammatory, protective signaling axis. It lowers cardiac contractility
and energy metabolism, increasing the AMP/ATP ratio and subsequently activating
AMPK kinase, hence elevating tolerance for hypoxia without intervention of NFxB
and MAPK module [305].

Uncoordinated protein Unc93bl interacts with TLR3, TLR7, and TLR9, which
are sensors for double-stranded RNA, single-stranded RNA, and unmethylated DNA,
respectively.®® It is involved in their transfer within the cell. This membrane protein
resides in the endoplasmic reticulum. It is mainly expressed in the heart. It regulates
TLR9 subcellular localization and ensures a switch between the two different TLR9
responses. It enables TLRY translocation from the endoplasmic reticulum to endo-
somes, thereby allowing TLR9 interaction with MyD88 and priming inflammatory
signaling.

Peptidylprolyl Isomerase-A and Basigin

Peptidylprolyl isomerase-A (PPla; or cyclophilin-A) is an abundant and widespread
intracellular protein that exerts various effects.’” Once it is acetylated, PPla can
be secreted in particular by stimulated macrophages, activated platelets, hypoxic
cardiomyoctes, and vascular smooth myocytes [307].

When it is released into the extracellular space, PPIa binds to its nonspecific
extracellular receptor basigin (Bsg; or EMMPrIn; Table 3.13), thereby initiating
inflammation. Homophilic Bsg interactions assists in MMP activation. In particular,
the expression of MMP14 and MMP9 is upregulated on monocytes upon Bsg—Bsg
interaction [307]. On the other hand, PPIa-Bsg interaction can regulate production
of MMP9, MMP14, and CSF1 agents.

In fact, both extra- and intracellular PPIa contribute to inflammation in the car-
diovascular apparatus, especially in myocardial ischemia—reperfusion injury and
remodeling [307].

Extracellular PPIa is a potent chemotactic factor for leukocytes (T lymphocytes,
monocytes, and neutrophilic and eosinophilic granulocytes) via 2 operating modes,
extracellular binding to basigin, which is expressed on activated vascular cells and

36 In Caenorhabditis elegans, Uncoordinated protein Unc93 is one of five interacting gene products
(Unc93, Sup9 to Supl1, and Sup18) involved in the regulation or coordination of muscle contrac-
tion. Uncoordinated protein Unc22, or twitchin, possesses a protein kinase domain and several
immunoglobulin-like motifs found in myosin light-chain kinase, and titin. It interacts with Unc54
myosin heavy chain. Membrane-associated muscular Uncoordinated homolog protein may be a
component of ion transport implicated in excitation—contraction coupling in myocytes or of muscle
contraction coordination between myocytes via gap junctions [306].

37 Peptidylprolyl isomerase-B (PPIb; or cyclophilin-B) is also released from various cell types. It
exerts proinflammatory activities. It is constitutively secreted by cells (e.g., fibroblasts and chon-
drocytes). Peptidylprolyl isomerase-D (PPId; or cyclophilin-D) localizes to mitochondria, where it
supports the formation of the permeability transition pore.
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Table 3.13 Extracellular ligands of basigin. (Source: [307])

Ligand Cellular sources Effects
Basigin Monocyte, macrophage, foam cell NFkB activation
Expression of MMP
Adhesion
Smooth myocyte MMP2 production
GP6 Platelet, monocyte Adhesion
PPIa T cell, neutrophil, macrophage Migration
Monocyte, macrophage, foam cell Adhesion, migration

NFkB activation
Synthesis of ROS, MMP

E-Selectin Endotheliocyte Neutrophil adhesion
PPIb T cell, neutrophil Migration
S100a9 Melanoma cell Migration

GP6 glycoprotein receptor for collagen, MMP matrix metallopeptidase, NFkB nuclear factor k
light chain enhancer of activated B cells, PPla—g peptidylprolyl isomerase [cyclophilin]-A-G

exerts a strong chemotactic effect, and PPiase activity [307]. Signaling launched by
basigin involves activation of NFkB, PI3K, ERK1, and ERK2, the latter activating
NFkB (Table 3.14) [308]. The PPIa effects (chemotaxis, ERK-NFkB activation, and
cytokine release) require the proinflammatory PPIa—Bsg interaction.

The PPla enzyme is the main ROS-induced factor that enhances the inflammatory
activity of monocytes and macrophages in atherosclerotic plaques. It strongly induces
the migration of monocytes as well as expression of MMP9, IL6, and TNFSF1 [308].
In atherosclerotic lesions, PPIa and Bsg colocalize with infiltrated monocytes and
macrophages.

The PPIa enzyme provokes vascular smooth myocyte proliferation and recruit-
ment of inflammatory leukocytes into the vascular wall. Once it is secreted by
vascular smooth myocytes, extracellular PPIa promotes ROS generation and MMP2
activity involved in aneurysm formation.

Endotheliocytes need PPIa to express the VCAMI1 molecule. In addition, en-
dothelial NOS3 production is affected by intracellular PPIa due to a reduction of
Kriippel-like factor KLF2 expression.

3.2.6.3 Fibrosis

After myocardial infarction, fibrous tissue that forms at the site of cardiomyocyte

loss by necrosis preserves structural integrity, but impairs myocardium behavior.
Fibrogenesis begins with activation of transforming growth factor-g1 [309]. Be-

cause of TGFp1 elaborated by macrophages, myofibroblasts invade the infarct site
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Table 3.14 Effects of PPla on cardiovascular cell types. (Source: [307]). Intracellular PPIa is
involved in cell signaling, Ca?* homoeostasis, and cell activation. Extracellular PPla acts via
basigin, among other possible receptors

Cell type Extracellular PPIa effects Intracellular
Mediators Effects PPIa effects
Monocyte NFkB Chemotaxis, LDL uptake (?7)
Macrophage PI3K, ERK1/2 adhesion, ROS and MMP
production
T lymphocyte Ca*t, ERK1/2 Chemotaxis Polarization (Ty; < Th2)
Neutrophil Ca?*t, ERK1/2 Chemotaxis, MMP ND
production
Platelet ND ND Activation, degranulation
Endotheliocyte | PI3K, ERK1/2 Activation, angiogenesis | Apoptosis, VCAM1, NOS3
Smooth myocyte | JaK—-STAT, ERK1/2 | Migration, proliferation | Migration, proliferation
MMP?2 production ROS production
Cardiofibroblast | ND Migration, proliferation | Migration, proliferation
ROS production

ND not determined, ERK extracellular signal-regulated kinase, JaK Janus kinase, MMP matrix
metallopeptidase, NFkB nuclear factor k-light-chain—enhancer of activated B cells, NOS nitric
oxide synthase, PI phosphoinositide, ROS reactive oxygen species, STAT signal transducer and
activator of transcription, Ty helper T lymphocyte, VCAM vascular cell adhesion molecule

quickly after arrival of inflammatory cells. Interstitial and adventitial fibroblasts, per-
icytes, and circulating fibrocytes, monocytes, and bone marrow-derived progenitor
cells may give rise to these myofibroblasts.

In the infarcted heart, interstitial fibroblasts develop interstitial and perivascular
fibrosis remotely from the infarcted myocardium.

Renin-Angiotensin—-Aldosterone Axis

Myofibroblasts that proliferate and accumulate in the infarcted myocardium pro-
duce collagen-1 and -3. Myofibroblasts express cathepsin-D, renin, angiotensin-
converting enzyme, angiotensin-1, and angiotensin receptors.

Angiotensin-2 acts in myocardial repair and remodeling via auto- and paracrine
regulation on resident cells, i.e., cardiomyocytes, fibroblasts, vascular endothelial
and smooth muscle cells, and macrophages. Concentration in renin, angiotensin-
converting enzyme, and angiotensin receptor AT| markedly rises in the infarcted
myocardium [309].

Renin is produced by macrophages and myofibroblasts, angiotensin-converting
enzyme by endotheliocytes, macrophages, and myofibroblasts. In macrophages,
angiotensin-2 initiates an autocrine regulation to stimulate NADPH oxidase that
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forms ROS agents. In myofibroblasts, angiotensin-2 also primes an autocrine
regulation to excite TGFP1 and elicit collagen turnover.

Cardiac production of aldosterone rises after myocardial infarction as well as
in congestive heart failure. Aldosterone promotes maladaptive cardiac remodeling,
particularly excessive extracellular matrix turnover.

Apelin

Apelin is a secreted cardioprotector that attenuates the development of myocar-
dial fibrosis as well as maldaptive cardiomyocyte hypertrophy [310]. It prevents at
nanomolar doses TGFf-mediated expression of the myofibroblast marker a-smooth
muscle actin and collagen production into hypersecretory myofibroblasts as well as
diminishes collagen production in cardiac fibroblasts by reducing activity of sphingo-
sine kinase SphK1, an enzyme that synthesizes sphingosine 1-phosphate. In resting
and TGFB-stimulated cardiofibroblasts, apelin inhibits SphK1 via AMPK-dependent
and -independent mechanisms, respectively, even in the absence of TGF-f [310].

In both fibroblasts and myofibroblasts, TGFf stimulates SphK1 production,
thereby stimulating collagen production via S1P; receptor and RoCK kinase.

High levels of SphK1 cause progressive myocardial degeneration and fibrosis,
elevated RhoA and Racl activity, SMAD3 phosphorylation, and oxidative stress via
S1P; transactivation.3®

3.2.7 Pulmonary Arterial Hypertension

Pulmonary arterial hypertension is a severe progressive disease caused by a sus-
tained increase in the pulmonary arterial resistance that provokes right ventricular
hypertrophy and then failure.

Primary pulmonary hypertension that results from alveolar hypoxia caused by
chronic obstructive pulmonary diseases deteriorates the heart function, without
disturbance in myocardial B-adrenoceptor signaling.

3.2.7.1 Hypoxic Pulmonary Vasoconstriction
Hypoxic pulmonary vasoconstriction (HPV) is an important reflex that locally adapts

perfusion to ventilation. It is also involved in hypoxia-induced pulmonary hyperten-
sion in respiratory disorders. In particular, hypoxic vasoconstriction contributes to

38 Receptor S1P; is a myocardial S1P receptor subtype that couples with Rho GTPases and activates
SMAD signaling.
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the onset of pulmonary hypertension in response to hypoxia occurring in high alti-
tude as well as in respiratory diseases, such as chronic obstructive pulmonary disease
and fibrosis.

3.2.7.2 Chronic Hypoxia-Induced Pulmonary Hypertension

Chronic hypoxia-induced pulmonary hypertension (CHIPH) is characterized by
inflammation. Leukocyte adhesion to the vascular endothelium results from tran-
scriptional activation of cell adhesion molecules upon epigenetic switch. The latter
corresponds to chromatin remodeling that enables access of condensed DNA to the
regulatory transcriptional machinery. Chromatin remodeling is carried out by his-
tone modifications by histone acetyltransferases, deacetylases, methyltransferases,
and kinases, as well as ATP-dependent chromatin remodeling complexes that move,
eject, or restructure nucleosomes.

Two catalytic components of the chromatin remodeling complex, the transcription
activator Swi/SNF-related, matrix-associated, actin-dependent regulators of chro-
matin SMARCa2*° and SMARCa4*’ implicated in NFkB-dependent transcription
are activated in endotheliocytes bearing hypoxia in pulmonary arteries of an animal
CHIPH model [311].

Once it stimulated by hypoxia, SMARCa4 potentiates cell adhesion molecule
(CAM) transactivation in vascular endotheliocytes when it complexes with P6SNE, B
(RelA), as it influences histone modifications surrounding the CAM promoters [311].

3.2.7.3 Time Constant

The time constant of a pulmonary compartment of the perfusion or ventilation circuit
is the product of its resistance and compliance. It expresses the filling or emptying
rate at which the compartment of interest react to a modification of pressure, using
linear lumped parameter models with exponential behavior (without incorporating
the effects of cardiac and breathing frequencies).

The time constant of the pulmonary circulation that is the product of the pulmonary
vascular resistance (PVR) and pulmonary arterial compliance (Cp,)

RC = PVR x Cay, @(3.1)

remains similar in various forms and severities of pulmonary hypertension, except
in left heart failure [312]. The time constant decreases in proximal chronic throm-
boembolic pulmonary hypertension (CTEPH) with respect to idiopathic pulmonary

3 Ak.a. SNF2a, SNF2a, SNF2L4, SNF2Lb, BAF190b, ATP-dependent helicase, and protein
Brahma homolog Brm.

40 A k.a. SNF2b, SNF28, SNF2L4, SNF2Lb, BAF190, ATP-dependent helicase, mitotic growth
and transcription activator, and protein Brahma homolog Brgl.
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arterial hypertension (IPAH) possibly due to increased wave reflection, with a wider
pulse pressure and hence greater right ventricular work for a given mean pulmonary
arterial pressure.

3.2.7.4 Mediators

Reactive Oxygen Species

Reactive oxygen species (ROS) are mainly generated in cardiomyocytes by the
mitochondrial electron transport chain, NADPH oxidase (NOx), and nitric oxide
synthases. In cardiomyocytes, the 2 most expressed NOx isoforms are NOx2 and
NOx4 [313]. The intracellular location of these 2 isoforms in cardiomyocytes dif-
fers. Whereas NOx2 lodges predominantly on the plasma membrane, NOx4 resides
in organelles. The NOx4 isoform can be detected in the endoplasmic reticulum in
vascular smooth muscle and endothelial cells as well as in the plasma membrane,
especially in focal adhesions, and nucleus in various cell types. Mitochondrial NOx4
is a major source of oxidative stress.

In normal conditions, NOx2 is quiescent. It is activated by GPCR ligands (e.g.,
angiotensin-2 and endothelin-1), growth factors, and cytokines [313]. It produces
superoxide (O37), which is rapidly processed to hydrogen peroxide (H,O,) by
superoxide dismutase.

On the other hand, NOx4 is not only constitutively active but also inducible
as NOx4 expression rises during hypoxia, mitochondrial dysfunction, and in left
ventricle pressure overload [313]. This isoform can be regulated by transcriptional
and translational changes as well as posttranslational modifications. It synthesizes
predominantly hydrogen peroxide.

In cardiomyocytes, NADPH oxidase is involved in the progression of cardiac
hypertrophy. The NOx4 subtype increases the ROS production in mouse right ven-
tricle pressure overload during the acute phase after pulmonary artery banding. It
then stimulates mitochondrial NOx2 during the chronic hypertension phase (feedfor-
ward chain of Nox activation) [313]. The catalase activity augments at the transition
between acute and chronic phase (i.e., 6 h after banding), but the expression of
catalase and other ROS scavenging enzymes superoxide dismutase and glutathione
peroxidase does not change [313].

Phospholamban

The diastolic dysfunction is observed in both right and left ventricles. Left ventricle
diastolic dysfunction is not induced by increased afterload, but by altered activity of
cardiac regulators such as phospholamban.*!

41 Cardiomyocyte relaxation is controlled by sarcoplasmic reticulum Ca’** ATPase that pumps
calcium ions from the cytosol into the sarcoplasmic reticulum. Activity of SERCA pump is regulated



210 3 Adverse Cardiac Remodeling

Protein Ser/Thr phosphatases involved in heart functioning include:

. catalytic PP1a subunit that has an increased expression in human heart failure;

. catalytic PP2 subunits, the overexpression and mutations of PP2 structural
regulatory A subunit being associated with cardiac hypertrophy; and

3. PP3 that causes maladaptive cardiac hypertrophy.

DN —

In the heart, PP2 dimerizes or trimerizes.

Pulmonary hypoxia can actually slow cardiac relaxation by reducing phospholam-
ban phosphorylation. The activity of protein phosphatase-2 (but not PP1) is enhanced
in sarcoplasmic reticulum membranes [314]. Hypoxia as well as heart failure lead to
increased expression of PP2 catalytic subunit (PP2.). Increased PP2 activity and sub-
sequent reduced phospholamban phosphorylation can be elicited by an elevated level
in circulating interleukin-18.#? Interleukin-18 exerts its effect via protein kinase-B.
In addition, protein phosphatase PP3 level rises in the right ventricle exposed to
increased afterload, but not in the left ventricle, whereas PP2 activity augments in
both ventricles.

Cardiac regulators, such as phospholamban and inhibitory subunit of troponin,
undergo phosphorylation—dephosphorylation cycles. The impaired phosphorylation
state of these proteins disturbs cardiac activity, especially excitation—contraction
coupling.

Vasodilators and Vasoconstrictors

Endothelial dysfunction is an early event in pulmonary hypertension (Vol. 8, Chap. 3.
Endothelial Dysfunction). Levels of vasodilators (e.g., nitric oxide and prostacyclin)
lower and those of vasoconstrictors (e.g., endothelin-1) rise.

Phosphorylation of NOS3 is a posttranslational modification that ensures optimal
production of nitric oxide. Activin receptor-like kinase ALK 1, an endothelial-specific
receptor and member of the TGF superfamily, localizes to caveolae with NOS3
enzyme. Increased NOS3 phosphorylation (Ser1177) and uncoupling elicits the
production of superoxide anion, a mediator of pulmonary hypertension [315].

Endocannabinoids

In the systemic circulation, endocannabinoids cause vasodilation via primarily their
specific cannabinoid CB; and CB, and other G-protein—coupled receptors. Endo-
cannabinoids act via their intracellular metabolites engendered the fatty acid amide

by phospholamban. Reduced phosphorylation of phospholamban (Ser16) can also be generated via
B-adrenoceptor signaling associated with the ACase—PKA cascade.

42 Patients suffering from severe chronic obstructive pulmonary diseases have increased expression
of IL18 in pulmonary alveolar macrophages. Interleukin-18 is also produced by airway and alveolar
epitheliocytes.
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hydrolase (FAAH) or monoacylglycerol lipase (MAGL). However, their vasoac-
tive metabolites do not have an important role in the regulation of vascular tone in
systemic vessels [316].

The endocannabinoid anandamide (Narachidonoylethanolamine [AEA]) pro-
duced by pulmonary arterial smooth myocytes (but not pulmonary endotheliocytes)
can control the pulmonary arterial tone. Sensors, transducers, and effectors of hy-
poxic pulmonary vasoconstriction reside in pulmonary vascular smooth myocytes.
Anandamide is synthesized by different enzymes, the most important route be-
ing hydrolysis of phospholipid-derived Nacylphosphatidylethanolamine (NAPE) by
NAPEP[ D43 The latter has an elevated expression in hypoxic pulmonary arterial
smooth myocytes. Other anandamide-synthesizing enzymes include o/B-hydrolase
encoded by the ABH4 gene, glycerophosphodiesterse GDE1, and cytosolic protein
Tyr phosphatase PTPn22.

The fatty acid amide hydrolase that is strongly synthesized in the lung is the prin-
cipal AEA-degrading enzyme, thereby limiting the AEA signaling from cannabinoid
receptors [316]. Anandamide catabolism by FAAH gives rise to arachidonic acid
and ethanolamine. On the other hand, the endocannabinoid 2-arachidonyl glycerol
is mainly processed by MAGL that is weakly produced in the lung.

Arachidonic acid is the precursor of eicosanoids generated by COx-, LOx-,
or CyP450-mediated processing. Anandamide-elicited pulmonary vasoconstriction
results from the action of COx and LOx enzymes. Hence, FAAH hydrolase is
an important mediator of hypoxic pulmonary vasoconstriction via the engendered
metabolites [316].

Reactive oxygen species are also involved in the modulation of pulmonary
vascular tone by hypoxia [316]. Anandamide leads to ROS formation.

43 The NAPEPLD is a phospholipase-D-type enzyme that catalyzes the release of Nacylethanolamine
(NAE) from Nacyl phosphatidyl ethanolamine (NAPE). Anandamide belongs to the category
of long-chain Nacylethanolamines. The endocannabinoid-synthesizing enzymes comprise Nacyl
phosphatidyl ethanolamine-hydrolysing phospholipase-D and diacylglycerol lipase. The former, a
constitutively active member of the metallo f-lactamase category, specifically hydrolyzes NAPE
among glycerophospholipids [317]. The endocannabinoid-degrading enzymes encompass fatty
acid amidohydrolase and monoacylglycerol lipase. Anandamide is principally formed together
with other NAEs from glycerophospholipid by 2 successive enzymatic reactions: (1) Nacylation
of phosphatidylethanolamine that generates Nacylphosphatidylethanolamine (NAPE) by Ca?*-
dependent Nacyltransferase; (2) release of NAE from NAPE by a phosphodiesterase of the
phospholipase-D-type enzyme (VAPEPLD).



Chapter 4
Cardiomyopathies

Cardiomyopathies are associated with cardiac dysfunction. Diverse types of car-
diomyopathies include dilated, hypertrophic, restrictive, arrhythmogenic right
ventricular, and unclassified cardiomyopathies [210].

Cardiac hypertrophy (Sect. 3.2) is defined by an increase in cardiomyocyte size.
The quantity of sarcomeres rises to normalize the mural stress field resulting from
pressure overload. However, adverse sustained cardiac hypertrophy causes dilated
cardiomyopathy.

However, a given form of cardiomyopathy can progress to another. For example,
hypertensive heart disease that launches cardiac hypertrophy can subsequently be-
come a dilated cardiomyopathy. In addition, some diseases have features of more
than one type of cardiomyopathy. In particular, sarcoidosis can cause restrictive and
dilated cardiomyopathies at different periods in its evolution.

The cardiac functioning relies on a set of cells. Cardiomyocytes are embedded
in a three-dimensional network of endotheliocytes, vascular smooth myocytes, and
fibroblasts, in addition to transient populations of immunocytes. Cardiomyocytes are
connected between them to coordinate their contraction as well as to the extracellular
matrix to coordinate the overall myocardial contraction.

The heart can tolerate intrinsic (genetic) and extrinsic factors to maintain its con-
tractility. However, its compensatory response mediated by signaling pathways is
limited. The persistent activation of these pathways causes cardiac dysfunction that
leads to cardiomyopathy.

The cardiac responses include induction of genes normally expressed during de-
velopment, myocyte hypertrophy, fibrotic deposits that replace dead cardiomyocytes,
and metabolic disturbances [332].

Cardiomyopathies are defined by ventricular dysfunction. Cardiomyopathies
evolve with risk of arrhythmia and sudden cardiac death. Noncompaction cardiomy-
opathy refers to abnormal growth of the left ventricle. Cardiomyopathy frequently
leads to heart failure.

In fact, cardiomyopathies represent a set of conditions that all finish with myocar-
dial dysfunction. Histologic examination most often exhibits nonspecific lesions with
cardiomyocyte hypertrophy, cellular necrosis, and fibrosis.
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In cardiomyopathies and heart failure, cardiomyocte death is caused by BCL2
19-kDa protein-interacting protein 3-like protein (BNIP3L), which stimulates two au-
tonomous death pathways according to its subcellular localization [319]. Mitochon-
drial BNIP3L activates BAX-BAK and caspase-dependent programmed apoptosis.
Endoplasmic reticulum BNIP3L activates programmed necrosis via the mitochon-
drial permeability transition pore (MPTP), independently of the proapoptotic BCL2
family members BAX and BAK proteins.

The ubiquitin—proteasome system (UPS) is implicated in protein quality con-
trol. Dilated and hypertrophic cardiomyopathies are characterized by proteasomal
dysfunction [320].

4.1 Genetic Background and Cardiomyopathies

Muscular dystrophies primarily affect striated myocytes. They are characterized
by the progressive loss of muscle strength and integrity. Major forms of muscular
dystrophies are caused by abnormalities of the dystrophin-associated glycoprotein
complex that serves as a structural unit and scaffold for signaling molecules at the
sarcolemma.

Mutations in a given gene can cause different types of cardiomyopathies. In addi-
tion, the clinical picture can be modified by diet, sex hormones, and polymorphisms
in many genes such as those involved in angiotensin signaling [321].

Reduced levels of junctophilin-2 are observed in the myocardium taken from
septal surgical resection in patients with inherited hypertrophic and dilated cardiomy-
opathies associated with disruption of T-tubule architecture [9]. The pathological
cardiac remodeling is characterized by a decrease in the total number of junctional
membrane complexes between the transverse tubules and sarcoplasmic reticulum as
well as a reduction of transverse tubules, whereas longitudinal structures expand.
The remaining junctional membrane complexes have an increased variable spac-
ing between the juxtaposed membranes of the transverse tubules and sarcoplasmic
reticulum. The JPH?2 transcripts are targeted by microRNA-24, which is upregulated
in cardiomyocytes from patients with dilated and ischemic cardiomyopathies. The
subsequent Jph2 reduction causes mislocalized junctional membrane complexes.

4.1.1 Summary of Structures of Sarcomere and Costamere
4.1.1.1 Sarcomere
The sarcomere! forms the basic contractile unit of the striated myocyte, in particular

the cardiomyocyte (Vol. 5, Chap. 5. Cardiomyocytes). This functional unit of con-
traction is an array of interdigitated actin and myosin filaments and their associated

! capk: flesh; jLep og: share, portion.
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Table 4.1 Sarcomeric

. Component Constituents
constituents
Myofilaments Actin, tropomyosin, troponin-C/I/T
Myosin
Hemisarcomere | Titin, nebulin,
MyBPc3
Z disc o-actinin,

Tcap (telethonin), CRSP3 (MLP)

M line, H zone | Myomesin

CRSP3 (MLP) cardiac cysteine and glycine-rich protein-
3 (or muscle LIM domain-containing protein), MyBPc
myosin-binding protein-C, Tcap titin cap

proteins. Thin actin filaments are anchored at the Z line. They form transient sliding
interactions with thick myosin filaments.

The structural features of the sarcomere in polarized light are the A (anisotropic)
band with at its center the M (middle) line at the middle of the H zone? and (isotropic)
band. These features are defined by their composition, that is, the entire length
of myosin filament, myosin attachment on crossconnecting cytoskeletal proteins,
myosin without actin, and actin without myosin, respectively (Table 4.1). Titin
connects the Z line to the M line.

Each thick filament in striated myocytes is constituted by two myosin heavy chains
(MyHC) and four myosin light chains, more precisely, two pairs of essential (eMyLC
or MyLCl1) and regulatory (rMyLC or MyLC2) myosin light chains connected to the
two heads of a given myosin filament (Vol. 5, Chap. 5. Cardiomyocytes).

The myosin heavy chain contains the actin- and ATP-binding sites. It thus repre-
sents the molecular nanomotor of muscle contraction. In the human heart, two MYH
genes MYH6 [aMyHC] and MYH7 [BMyHC]) are expressed. a-myosin heavy chain
has a higher ATPase activity and shortening velocity than B-myosin heavy chain. The
nanomotor is regulated by two myosin light chain (MyLC) isoforms. The MyLC1
subtype acts as a myosin heavy chain—actin tether. The MyLC2 isoform slows the
rate of tension development of myosin [322]. The inhibition conferred by MyLC2 is
relieved upon MyLC2 phosphorylation by myosin light chain kinase MLCK2. Ex-
pression of the atrial MyLC1 isoform in the hypertrophied human ventricle increases
cross-bridge cycling and contractility [322].

In smooth myocytes and nonmuscle cells, phosphorylation of regulatory myosin
light chains by MLCK switches on the actin-activated myosin ATPase, hence trig-
gering contraction. In striated myocytes (i.e., skeletal and cardiac myocytes), the
actin—myosin interaction is mainly regulated by the troponin—tropomyosin complex.
Electrochemical stimulation increases the level of Ca** bound to the troponin—
tropomyosin complex. Regulatory myosin light chains modulate the rate and

2 German hell: bright.
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magnitude of contractility, as MyLC2 phosphorylation increases moderately tension
and Ca’" sensitivity at submaximal levels of Ca’>* activation.

Cardiac wall torsion and compression during systole enable a more efficient blood
ejection from the ventricle. Torsion depends partly on the helical orientation of the
cardiomyocytes. In the epicardial layer of the ventricular myocardium, the myofibers
spiral in a left-handed helix from the apex to the base of the heart (the thumb denoting
the upward spiral; Vol. 5, Chap. 5. Cardiomyocytes). In the endocardial layer of the
ventricular myocardium, the myofibers have a right-handed helical orientation.

A spatial gradient of myosin light chain phosphorylation in the myocardium from
high epicardial to low endocardial levels facilitates torsion by changing tension
production and stretch activation response [323]. This spatial gradient of MyLC2
phosphorylation increases tension and decreases the stretch activation response of
epicardial myofibers and conversely in the endocardial layer. Cardiac hypertrophy
can be linked to a gain-in-function mutation.

The cardiac isoform of myosin-binding protein-C (cMyBPc) is an accessory
protein of sarcomeric thick myosin filaments and a modulator of cardiomyocyte
contraction in response to cardiac stimulation. Mutations in the MYBPC gene gen-
erate cardiac disease. The three isoforms of human MyBPc (fast and slow skeletal
and cardiac) are encoded by three genes (MYBPC1-MYBPC3).

The cMyBPc molecule localizes to the central region of the A band, the C zone
(Fig. 4.1). It is contained in 7-9 bands of 43-nm spacing among the 11 structurally
regular transverse C-zone stripes [324]. These bands comprise three layers of myosin
head crowns. Layer 1 is the very dense MyBPc layer, in which the C-termini of
three MyBPc molecules wrap around the myosin filament, and layers 2 and 3 are
simple myosin head crowns.

It is involved in sarcomere assembly, as it promotes polymerization of thick
filaments, the C-termini binding to specific sites on titin and light meromyosin [324].

The extent of cMyBPc phosphorylation that occurs in response to adrenergic
stimulation is correlated with increased cardiac contractility. Serine phosphorylation
in M-domain cMyBPc by various kinases reduces the affinity of the N terminus for
actin and myosin [325]. cMyBPc affects Ca>* sensitivity similarly at long and short
sarcomere lengths, as it reduces the probability of myosin binding to actin [326]. It
also lowers the maximum shortening velocity of myofibers in the low-velocity phase
(without influencing the high-velocity phase), as it contributes to an internal load
that slows the maximum shortening velocity at low levels of activation once a given
amount of active shortening has occurred [327]. Slowing of actin filament sliding is
a mechanism used by cMyBPc to modulate cardiac contractility.

The cMyBPc protein binds to myosin via its C-terminus and actin via its N-
terminus, thereby modulating thin actin filament motility. It connects to actin close
to the low Ca?*-binding site of tropomyosin, hence interfering with tropomyosin
regulatory movements on actin. It indeed increases actin filament calcium sensitivity
by binding to actin and displaces tropomyosin from its inhibitory position toward
its high Ca?* position to activate actin filament interaction with myosin, promoting
filament sliding [325]. At high Ca®* levels, cMyBPc has little effect on tropomyosin
position and slows down actin filament sliding.
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Fig. 4.1 Sarcomere striated configuration with lines, bands, and zones (Source: [324]). Position
of MyBPc in the stretched sarcomere (fop). MyBPc lodges in transverse stripes 43-nm apart in the
C zone of the sarcomeric A band, where the thick myosin and thin actin filaments interact. Structure
of the cardiac MyBPc isoform (bottom). The skeletal isoform of myosin-binding protein-C contains
seven immunoglobulin-like and three fibronectin-3-like domains (C1-C10), a MyBPc-specific motif
(M domain) between C1 and C2, and a Pro—Ala-rich sequence at the N terminus. The cardiac
isoform has an additional N-terminal Ig-like domain (CO), 4 phosphorylation sites in the M domain
(between motifs 1 and 2), and a 28-residue insert in the C5 domain. The cMyBPc protein tethers to
the myosin filament in the C zone via its C-terminus (C8—C10 domains), whereas its N-terminus
possesses binding sites for the myosin S2 motif and the myosin regulatory light chain. Motifs 7 to
10 link to myosin and titin

The very long elastic molecule titin (or connectin) positions the myosin filaments
at the center of a sarcomere, as it links them to the Z line. Their N- and C-termini
localize to the Z line and M line, respectively. The middle portion tethers to the
myosin filament.

4.1.1.2 Costamere

The costamere? is a structural and functional component of striated myocytes. This

proteic complex consists of cytoskeletal proteins and signaling kinases. It couples

3 Latin costa: side, flank.
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Table 4.2 Costamere

. Components Constituents
constituents

Structural components | Desmin, dysbindin, plectin, syncolin,
B-synemin

Signaling components | a/B-syntrophin, a-catulin, calmodulin,
myospryn, caveolin, NOS1, PKA, TRPC

Dystroglycan (extracellular) a/B-dystroglycan,
glycoprotein (sarcolemmal) a—3-sarcoglycan, sarcospan,
complex (subsarcolemmal) dystrophin, a-dystrobrevin
Focal adhesion Melusin, paxilin,

(integrin complex) talin, tensin,

vinculin, zyxin,
ILK, LIMS, parvins
Matrix partners Laminin, collagen-4

ILK integrin-linked kinase, LIMS LIM and senescent cell antigen-like
domain-containing proteins (Particularly interesting new Cys—His pro-
tein (PINCH)), NOS nitric oxide synthase, PKA protein kinase-A, TRPC
canonical transient receptor potential channel

the sarcomere to the sarcolemma. This subsarcolemmal proteic assembly encircles
the myocyte and is circumferentially aligned with the Z disc, as it anchors myofibrils
from the Z disc to the sarcolemma and extracellular matrix. Costameres are sites of
force transmission [328].

The costamere is composed of the dystrophin-associated glycoprotein complex
(DGC) and the integrin complex (Table 4.2). The dystrophin-associated glycoprotein
complex is a structural unit and scaffold for signaling molecules at the sarcolemma. It
is composed of dystroglycans and sarcoglycans as well as focal adhesion constituents.
It maintains the structural integrity of myofibers by linking the extracellular matrix
to the subsarcolemmal cytoskeleton. The costamere coordinates force transduction
and intracellular signaling.

The dystrobrevin family comprises a- and B-dystrobrevin that are encoded by the
DTNA and DTNB genes, respectively. The former is expressed predominantly in
muscle and brain and the latter in nonmyocyte cells.

a-dystrobrevin is a component of the DGC that directly tethers to dystrophin.
In striated myocytes, dystrobrevin and dystrophin localize to the cytoplasmic face
of the sarcolemma. a-dystrobrevin also binds to intermediate filaments as well as
syntrophin, a modular adaptor protein.*

a-syntrophin is the major isoform in skeletal and cardiac myocytes [329]. Syn-
trophin can coordinate the assembly of nitric oxide synthase NOS1, P38MAPKYy,
transient receptor potential channels (TRPC), which modulates cation (calcium)
entry, and calmodulin to the DGC.

4 Skeletal myocytes contain several syntrophin isoforms (a, B1-B2, and y1—y2) encoded by the
SNTA1, SNTB1, SNTB2, SNTGI, and SNTG2 genes.
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a-dystrobrevin experiences alternative splicing that impacts its subcellular distri-
bution and function in myocytes. Among the three major a-dystrobrevin isoforms,
a-dystrobrevin-1 and a-dystrobrevin-2 localize to the sarcolemma. The former colo-
calizes with both dystrophin and utrophin and the latter only with dystrophin.
a-dystrobrevin-1 to a-dystrobrevin-3 bind to the sarcoglycan complex [329]. a-
dystrobrevin-1 and a-dystrobrevin-2 tether to dystrophin and syntrophin (but not
a-dystrobrevin-3).

Additional a-dystrobrevin-binding partners include the constituents of the me-
chanical stabilizer intermediate filament syncoilin and pB-synemin as well as dys-
bindin [329]. In striated myocytes, intermediate filaments encircle the Z disc, thereby
connecting all adjacent myofibrils and linking the Z disc of the peripheral layer of cel-
lular myofibrils to the sarcolemma. Syncoilin also binds to desmin, a muscle-specific
intermediate filament protein. The a-dystrobrevin—syncoilin interaction provides an-
other linkage between the DGC and cytoskeleton, which may be important for force
transduction during contraction. B-synemin interacts with plectin, a linker protein of
intermediate filaments to the Z disc. Dysbindin (or dystrobrevin-binding protein-1)
is a ubiquitous sarcolemmal protein, the expression of which is relatively low in
muscle [329]. It binds to a-dystrobrevin and myospryn.> Myospryn may function as
a docking platform for structural and signaling molecules, such as a-actinin-2 and
protein kinase-A [329].

a-catulin is a ubiquitous binding partner of a-dystrobrevin-1 that localizes to
nerve bundles and blood vessels. It may regulate o 1d-adrenergic receptor signaling.

a-actinin binds to: (1) actin and the CRSP3-Tcap-titin complex® to organize the
local cell architecture and (2) to talin and vinculin to connect the sarcomeres to
costameres and, hence, to integrins and the extracellular matrix constituents (e.g.,
collagen and laminin). The mechanosensor and mechanotransducer vinculin is also
connected to intercellular junctions, not only integrin-based adhesion complexes,
but also tight, adherens, and gap junctions.

The cytoplasmic domain of B-integrin binds integrin-linked kinase (ILK) and
melusin. The former has structural and functional roles at the costamere, as it re-
cruits various adaptors (e.g., LIM and senescent cell antigen-like domain-containing
proteins [LIMS],” parvins [a-parvin, or actopaxin, and B-parvin, or affixin], and
paxillin), cytoskeletal, and signaling molecules. In particular, it links to various ki-
nases and phosphatases (e.g., protein Ser/Thr ILK-associated phosphatase [ILKAP],
an inhibitor of ILK of the PPM1 category, 3-phosphoinositide-dependent [PI3K-
dependent] protein kinase PDK1, which phosphorylates PKB, and PKB) [330].
Therefore, ILK is connected to the actin cytoskeleton, focal adhesion complex, and
growth factor receptors.

3 Also known as cardiomyopathy-associated protein CMyAS5, dystrobrevin-binding protein DtnBP2,
genethonin-3, and tripartite motif-containing protein TRIM76.

6 CRSP3 refers to as cardiac cysteine and glycine-rich protein-3, also called muscle LIM domain-
containing protein (MLP). Tcap stands for titin-cap protein or telethonin.

7 Also known as Particularly interesting new Cys—His-enriched protein (PINCH).
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Morerover, it phosphorylates protein kinase-B and other signaling effectors to
regulate the muscular response to stretch [330].

In addition to their structural role, integrins and their associated adaptor proteins
recruit to the plasma membrane signaling molecules used for the survival and growth
of cardiomyocytes (e.g., focal adhesion kinase, ILK, P21-activated kinase, proline-
rich tyrosine kinase PYK2, PKC, and Src) [330].

Furthermore, the focal adhesion complex can be linked to growth factor re-
ceptors, thereby enabling crosstalk between mechanotransduction and growth
factor-mediated hypertrophic signals.

Costameric and sarcomeric proteins, particularly those of the Z disc, are
components of the cardiac stretch sensor.

The mechanical stretch response can be impaired, whereas hypertrophic signaling
triggered by humoral factors such as endothelin-1 can remain intact.

4.1.1.3 Mechanosensory Cadherin—Catenin-Mediated Adhesions

The N-cadherin complex links adjacent cardiomyocytes via adherens junctions (with
a-, B-, and 8 1-catenins and related partners), as do mechanosensory integrins vie focal
adhesion complexes (with numerous cytoskeletal adaptors [e.g., filamin, paxillin,
talin, and vinculin] and signaling effectors [e.g., focal adhesion kinase and small
RhoA GTPase]), is sensitive to force transmission. Forces acting on N-cadherin—
mediated adhesions elicit structural and functional changes in cardiomyocytes.

a-catenin is a major component of the mechanosensory cadherin—catenin com-
plex that connects to the cell actin cytoskeleton. It homodimerizes or heterodimerizes
with B-catenin. It localizes to regions of highest mechanical stress on cardiomyocytes
[331]. Localization of a-catenin depends on N-cadherin topography, and hence on
the degree of internal stress at the intercellular junction, thatis, on changes in contrac-
tility. The a-catenin—cadherin complex indeed serves as a mechanosensory regulator
of the cardiomyocyte cytoskeletal structure.

Sarcomeric remodeling depends on whether adhesion and force transmission
is mediated by cadherins or integrins. Inhibition of myosin bound by integrins
to fibronectin disrupts myofibril organization. On the other hand, inhibition of
myosin bound by N-cadherins disturbs to a lower extent myofibril arrangement.
These two mechanosensory cell adhesion types provide independent mechanisms
for regulating sarcomeric organization. Lower myosin activity is preferential for
cadherin-dependent assembly and preservation of sarcomeres [331]. Cadherin- and
integrin-based junctions can sustain stresses of similar magnitudes, but subsequent
cytoskeletal remodeling differs due to the specific function of proteic components and
their interaction in assembling and orienting actin bundles in response to mechanical
stresses.
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Table 4.3 Hypertrophic

. . . Mutated gene Pathology
cardiomyopathies, genetic
causes, and cellular pathology Cardiac a-actin Interstitial fibrosis
(Source: [332]). The MYH6 (ACTC1 gene)
and MYH?7 genes encode . . .

. . a-myosin heavy chain Cardiomyocyte hypertrophy
cardiac a-myosin heavy (MYHG6 gene)
chain-6 and cardiac B-myosin g
heavy chain-7, respectively. B-myosin heavy chain LV wall thickening
Gene mutations can be (MYH7 gene)
common o mu.ltlple forms of Myosin light chains Inflammation
cardiomyopathies

Myosin-binding protein-C | Increased cardiac mass

a-tropomyosin Myofibrillar disarrangement
(TPM1 gene)

Troponin-C

Troponin-I Enlarged nuclei

Troponin-T J LV volume

MLP (muscle LIM protein)

Telothonin

Titin Ventricular wall stiffness

Vinculin

LV left ventricle, | decrease

4.1.2 Gene Mutations

More than 900 mutations in genes expressed in the cardiomyocyte can cause car-
diomyopathies [332]. More than 400 mutations in 13 sarcomeric proteins are linked to
cardiomyopathies (Table 4.3). Mutations in genes encoding sarcomeric constituents
(e.g., cardiac a-actin, myosin light chain, cardiac f-myosin heavy chain, cardiac
myosin-binding protein-C, cardiac troponin-I and -T, titin, and tropomyosin) are
usually inherited in an autosomal-dominant manner and are missense mutations.
Mutations in both the essential and regulatory myosin light chains cause a rare form
of midventricular hypertrophic cardiomyopathy.

Mutations of several sarcomeric components are associated with dilated car-
diomyopathy and skeletal muscle myopathy. Major forms of muscular dystrophies
are caused by abnormalities of the dystrophin-associated glycoprotein complex. Mu-
tations in the dystrophin gene generate Duchenne and Becker muscular dystrophy.
Duchenne muscular dystrophy in skeletal muscles and heart is characterized by the
absence or slight production of functional dystrophin (Table 4.4). In Becker muscular
dystrophy, a partly functional dystrophin is synthesized.

Mutations in the sarcoglycan genes cause several types of sarcoglycan-deficient
limb-girdle muscular dystrophy (SDLGMD).
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Table 4.4 Muscular
dystrophy-associated
cardiomyopathy, genetic Dystrobrevin | LV noncompaction
causes, and cellular pathology
(Source: [332]). Gene

mutations can be common to Dystrophin LV hypertrophy or dilation
multiple forms of
cardiomyopathies

Mutated gene | Pathology

Dystroglycan | Apoptosis

Sarcoglycan Fibrosis

LV left ventricle

Mutations in several Z-disc proteins of the cardiomyocyte sarcomere, which lead
to disruption and dysfunction of the contractile apparatus, cause cardiomyopathies
[333].

Ischemic and nonischemic cardiomyopathies share expression of some genes
compared with controls, but numerous genes are differently expressed with re-
spect to cardiomyopathy types and controls [334]. Among extracellular stimuli
(ions, hormones, and mechanical stress), pathological myocardial remodeling is
mainly induced by neurohormonal factors (angiotensin-2, endothelin-1, and cat-
echolamines) via the Gg—PLCP axis that activates the IP3—Ca’*—PP3-NFAT and
DAG-PKC pathways.

On the other hand, adaptive cardiac (exercise-induced) hypertrophy that is par-
ticularly induced by growth hormone and insulin-like growth factor is associated
with the PI3K-PKB-GSK3a/B pathway. Phosphoinositide 3-kinase-a downstream
from the IGF1 receptor mediates adaptive cardiac growth (normal postnatal growth
as well as growth in response to chronic exercise training) and protects the heart
against pressure overload, dilated cardiomyopathy, and myocardial infarction.

4.2 Causes of Cardiomyopathies

Numerous inherited and acquired cardiomyopathies has been described, in addi-
tion to unclassified cardiomyopathies. They are categorized mainly into dilated,
hypertrophic, and restrictive cardiomyopathies and arrhythmogenic right ventricular
cardiomyopathy.

Many causes of cardiomyopathies exist (Table 4.5). Acquired cardiomyopathies
can result from stress, diabetes, some chemotherapeutic agents, pregnancy, and
alcohol intake. The most common cause is ischemic cardiomyopathy.

Cardiomyopathies are generally categorized into two groups: extrinsic and
intrinsic cardiomyopathies.

1. Extrinsic cardiomyopathies do not have myocardial origin, as they are associ-
ated with hypertension, ischemia (coronary heart disease), valvular dysfunction,
metabolic and nutritional diseases, congenital heart disease, or diabetes.

2. Intrinsic cardiomyopathies result from myocardial weakness without identifiable
external cause. Intrinsic cardiomyopathy has many causes, such as drug and
alcohol toxicity, myocarditis, infections, and genetic factors.
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Table 4.5 Causes of cardiomyopathies

Cause Disorder

Cardiovascular Ischemic heart disease, hypertension,
valvular heart disease, cardiac amyloidosis,
tachycardia-induced cardiomyopathy,
idiopathic dilated cardiomyopathy,
idiopathic restrictive cardiomyopathy

Metabolic Starvation, vitamin deficiency, glycogen storage disease,
diabetes, hypo- and hyperthyroidism, acromegaly,
pheochromocytoma

Inflammatory, infectious Secondary amyloidosis, sarcoidosis,

Coxsackie-B viral infection, hepatitis C,
human immunodeficiency virus infection,
American trypanosomiasis (Chagas disease)

Toxic Alcohol, cocaine, amphetamines, chemotherapy

Genetic Familial dilated cardiomyopathy, hemochromatosis,
amyloidosis, noncompacted myocardium,

systolic dysfunction without dilation,
arrhythmogenic right ventricular cardiomyopathy

Pregnancy Peripartum cardiomyopathy

4.2.1 Specific Cardiomyopathies

Specific cardiomyopathies are referred to as myocardial diseases associated with
specific cardiac or systemic disorders.

General system diseases, such as connective tissue disorders (e.g., systemic lupus
erythematosus, polyarteritis nodosa, rheumatoid arthritis, scleroderma, and der-
matomyositis). They also include infiltrations and granulomas, such as sarcoidosis
and leukemia.

Hypertensive cardiomyopathy is a left ventricular hypertrophy associated with
dilated or restrictive cardiomyopathy with features of cardiac failure.

Inflammatory cardiomyopathy is defined by a myocarditis and cardiac dysfunc-
tion. It has idiopathic, autoimmune, and infectious (Trypanosoma cruzi, human
immunodeficiency virus, enterovirus, adenovirus, and cytomegalovirus) forms.

Ischemic cardiomyopathy is a dilated cardiomyopathy with impaired contractile
performance not explained by the extent of coronary artery disease, that is,
ischemic damage.

Metabolic cardiomyopathy includes various categories:

* Endocrine in the context of thyrotoxicosis, hypothyroidism, adrenal cortical
insufficiency, pheochromocytoma, acromegaly, and diabetes mellitus;
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» Familial storage disease and infiltrations, such as hemochromatosis, glycogen
storage disease, Hurler’s and Refsum’s syndromes, Niemann—Pick, Hand—
Schiiller—Christian, Fabry—Anderson, and Morquio—Ullrich diseases;

* Deficiency and nutritional disorders, such as disturbances of potassium
metabolism, magnesium deficiency, kwashiorkor, anemia, beri-beri, and
selenium deficiency;

* Cardiac amyloidoses that can be primary, secondary, familial, and hereditary,
including familial Mediterranean fever and senile amyloidosis.

Muscular dystrophies that comprise Duchenne, Becker-type, and myotonic dystro-
phies.

Neuromuscular disorders that encompass Friedreich’s ataxia, Noonan’s syndrome,
and lentiginosis.

Peripartal cardiomyopathy that can first manifest in the peripartum period.

Sensitivity and toxic reactions to alcohol, catecholamines, anthracyclines, irradia-
tion, among others.

Valvular cardiomyopathy is related to a ventricular dysfunction that is out of
proportion to the abnormal loading conditions.

4.3 Classification of Cardiomyopathies

Intrinsic cardiomyopathies are usually classified into four main categories (Ta-
ble 4.6;[210]):

1. Dilated cardiomyopathy with left ventricle enlargment and reduced pumping
function;
2. Hypertrophic cardiomyopathy due to mutations in genes encoding sarcomeric
proteins;
. Restrictive cardiomyopathy with stiff ventricular walls; and
4. Arrhythmogenic right ventricular cardiomyopathy with fibrous tissue.

(O8]

4.4 Mitochondria in Cardiomyopathies

Like in normal hearts, two populations of mitochondria exist in cardiomyopathies at
least in hamsters [335]: (1) subsarcolemmal mitochondria beneath the sarcolemma
and (2) interfibrillar mitochondria among the myofibrils.

Mitochondrial enzymes (enoylCoA hydratase, hydroxyacylCoA dehydrogenase,
and citrate synthase) are depressed in cardiomyopathies. The content of coenzyme-A
remains unaltered, but carnitine amount is reduced.

The two heart mitochondrial populations are distinctly affected, as they react
differently in cardiomyopathy. Oxidative phosphorylation in subsarcolemmal mito-
chondria is normal, whereas it decays in interfibrillar mitochondria. The amount of
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Table 4.6 Classification of cardiomyopathies. (Source: [210])

Type Features Causes
Dilated Dilated Ischemic, immune, toxic,
Left or both ventricles alcoholic, valvular,
Impaired contraction idiopathic, genetic (familial)
Hypertrophic L(R)V hypertrophy or both Genetic
Restrictive Reduced diastolic filling Amyloidosis,
Normal or near-normal endomyocardial fibrosis,
systolic function idiopathic
ARVC Fibrofatty replacement Genetic, idiopathic,
of RV myocardium Naxos disease
Unclassified Atypical Fibroelastosis,
noncompacted myocardium,
systolic dysfunction with
slight dilation,
mitochondrial disease

ARVC arrhythmogenic right ventricular cardiomyopathy, L(R)V left (right) ventricle (ventricular)

mitochondrial respiratory supercomplexes mtRSC1 (ETCcI-ETCCIII-ETCCIV) of the
electron transport chain, the major form of the so-called respirasome, can decay,
thereby reducing the efficiency of electron transfer and energy production.

4.5 Altered Cardiomyocyte Morphology and Function

Compensatory responses, such as changes in gene expression and cellular mor-
phology and metabolic shifts in cardiomyocytes, can initially maintain the cardiac
function in cardiomyopathy.

4.5.1 Cardiomyocyte Hypertrophy

Cardiomyocyte hypertrophy (Sect. 3.2) aimed at normalizing increased parietal stress
increases the wall thickness, but decreases inner dimensions of the ventricular cham-
bers. Whereas the initial phase of hypertrophy can be compensatory, persistent
adverse hypertrophy leads to heart failure.

The addition of sarcomeres in parallel is an adaptive response to increase con-
tractility in stressed myocytes. Eccentric hypertrophy (augmented myocyte length
resulting from end-to-end addition of sarcomeres) is associated with ventricular di-
lation and advanced hypertrophic cardiomyopathy. Concentric hypertrophy (i.e.,
elevated myocyte width) distorts the cardiomyocyte alignment, hence affecting
cardiac inotropy.
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In cardiomyopathy, genes mainly expressed during embryogenesis are again
transcribed, in addition to continuous transcription of genes normally transiently
expressed. These target genes includes, in particular, those encoding natriuretic fac-
tors (natriuretic peptide precursor-A [NPPA] and -B [NPPB]), f-myosin heavy chain
(MYH?7), and cardiac a-actin (ACTC1).

Synthesis and secretion of natriuretic peptides by atrial and ventricular cells that
favor diuresis and vasodilation and lower blood volume and pressure in response to
increased wall stress is chronic rather than transient [332].

The nanomotor protein cardiac myosin is composed of two heavy chains (MyHC)
and two pairs of light chains (MyLC). Cardiomyocyte contains two MyHC isoforms
(o MyHC-B MyHC [encoded by the MYH6 and MYH?7 genes, respectively]). The
B MyHC isoform has a lower ATPase activity and hence a slower filament sliding
velocity and reduced sarcomere shortening. The MyHC isoform production shifts to
p MyHC, the production of « MyHC decreasing.

In the adult myocardium, phosphorylation of regulatory myosin light chains in-
creases tension, but decreases stretch activation response of cardiomyocytes. Two
major regulatory MLC isoforms are coexpressed in the early stages of murine
cardiogenesis.

Mutations in the MYL2 gene that encodes the cardiac regulatory (i.e., phospho-
rylatable) slow myosin light chain MyLC2 required for stabilizing thick filaments
cause inherited hypertrophic cardiomyopathy.

4.5.2 Cardiac Fibrosis

Interstitial and perivascular fibrosis (Sect. 3.1) associated with increased synthesis
and release of TGFp disrupts coupling between cardiomyocytes and increases wall
stiffness. Focal fibrosis composed primarily of collagen-1 and -3 occurs in the early
stage of cardiomyopathy [332].

4.5.3 Altered Metabolic Substrate Utilization

In the healthy heart, phosphocreatine is the main ATP source during acute need. As
cardiomyopathy progresses, the phosphocreatine reserve is progressively depleted
[332].

During the initial compensation, substrate utilization favors free fatty acids that
yield more ATP than glucose, but require more oxygen. In dilated and end-stage
hypertrophic cardiomyopathy, energy substrate utilization changes from fatty acid
oxidation to glucose catabolism, as excessive cardiac growth occurs without adequate
coronary angiogenesis. Synthesis and activity of fatty acid utilization enzymes (e.g.,
medium-chain acylCoA dehydrogenase) lower.
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Table4.7 Signaling axes in cardiomyopathy (Source: [332]). Endothelin-1 (ET1) and angiotensin-2
(ATn2) released in response to reduced contractility bind to their cognate G-protein—coupled recep-
tors (GPCR) that raise calcium release from the sarcoplasmic reticulum. Cytosolic calcium activates
calmodulin and the MEF2 (myocyte enhancer factor-2) transcription factor. Mutant sarcomeric pro-
teins can further elevates cytosolic calcium concentration. GPCRs signal via the PKB pathway that
causes fetal gene expression and cardiac hypertrophy via inhibition of glycogen synthase kinase
GSK3B. Apoptosis results from cytochrome-C (CyC) release from mitochondria and activation of
death receptors (e.g., TNFRSF6a) by cytokines

GPCR-PLCB-IP;—Ca**
GPCR-PLC-PI3K-PDK1-PKB-GSK3B-NFAT
Cay1.2-RyR—-Ca’*
Ca?t-Cam—-CamK2-HDACS —> MEF2
Ca?**—Cam-PP3-NFAT

Mutant sarcomeric proteins© —> SERCA
TNFRSF6a—PI3K-Casp8—Casp3
CyC—Casp9—Casp3

CamK calmodulin-dependent kinase, /P3 inositol trisphosphate, HDAC histone deacetylase, NFAT
nuclear factor of activated T cells, PI3K phosphatidylinositol 3-kinase, PLC phospholipase-C,
PP3 protein phosphatase-3 (calcineurin), RyR ryanodine receptor (calcium channel), SERCA
sarco(endo)plasmic reticulum calcium ATPase, © — inhibition

4.5.4 Apoptosis

Especially in dilated and hypertrophic cardiomyopathy, the apoptotic pathways
and caspase are activated [332]. Hyperactivation of B-adrenergic receptors releases
cytochrome-C from mitochondria. In addition, apoptosis results from activation of
death receptors (e.g., TNFRSF6a) by cytokines.

4.5.5 Altered Signaling

Environmental stimuli are primarily sensed by matrix—sarcomere connectors, that is,
components of the costamere and integrins, as well as mechanosensitive ion channels
that signal to maintain sufficient contractility. Mechanotransduction initially leads
to sarcomere addition and metabolism shift. Many pathways are associated with
cardiomyopathy (Table 4.7).

4.5.5.1 Protein Kinase-B

Chronic activation of the PI3K-PKB pathway causes cardiomyopathy. In mice,
2-week duration activation of PKB1 provokes a reversible hypertrophy, whereas
6-week duration activation engenders irreversible hypertrophy with fibrosis and re-
duced angiogenesis [332]. The PKB effector GSK3 impedes cardiomyocyte growth.
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Whereas it is most often unphosphorylated and hence constitutively active in the
healthy heart, it is inactivated upon phosphorylation by PKB, thereby permitting
cardiac hypertrophy.

4.5.5.2 Gag-Coupled Receptors

Elevated blood pressure and resulting cardiac wall stretch induce release of several
auto- and paracrine factors, such as angiotensin-2, endothelin-1, and noradrenaline,
which activate their specific G-protein—coupled receptors. The G-protein subunit
Gayg favors cardiac hypertrophy via phospholipase-C.

4.5.5.3 Calcium Ions

Calcium ions are stored within the sarcoplasmic reticulum, the main intracellu-
lar reservoir. Once they are liberated in response to electrochemical stimulation
of the cardiomyocyte, they bind to the sarcomeric myofilament. After contrac-
tion, sarco(endo)plasmic reticulum Ca’>t ATPase sequesters Ca>* ions into the
sarcoplasmic reticulum.

Calcium ions released from the sarcoplasmic reticulum tethers to calmodulin and
activates calmodulin-dependent kinase CamK?2 that phosphorylates the PP3 phos-
phatase (calcineurin). The latter dephosphorylates nuclear factor of activated T cells
(NFAT) that then translocates into the nucleus, hence leading to cardiac hypertrophy
that evolves rapidly to heart failure.

4.5.6 Nitric Oxide in Cardiomyopathies

Nitric oxide (NO) is synthesized and released by coronary and endocardial en-
dotheliocytes as well as cardiomyocytes using the NOS3 synthase isoform. In
addition, cytokine-inducible, calcium-insensitive NOS2 isoform is produced in the
right ventricular myocardium of patients with dilated cardiomyopathy especially
after myocarditis, whereas constitutive NOS has a low activity [336]. Cardiac pro-
duction of NO by NOS2 attenuates the positive inotropic effect of B-adrenoceptor
stimulation and hastens relaxation in failing human hearts [337].

The inducible NOS2 isoform has an elevated activity in cardiomyopathies. In
cirrhotic cardiomyopathy in a rat model, nitric oxide acts as a negative inotropic
agent [338]. Concentrations of cardiac TNFSF1, NOS2 (but not NOS3), and cGMP,
as well as those of plasma IL 1P, nitrite, and nitrate are significantly higher in cirrhotic
rats than those in controls. Cytokine (IL1f)-induced stimulation of NOS2 operates
in the pathogenesis of cirrhotic cardiomyopathy.
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Nitric oxide influences myocardial contractility, as it can change myocardial relax-
ation (diastolic) properties, modulate the B-adrenergic inotropic response, mediate
the cholinergic response, and affect the force—frequency relation [339].

In isolated ferret and cat papillary muscle preparations, isolated ejecting guinea
pig hearts, and rat cardiomyocytes, upon liberation of endothelium-derived nitric
oxide or administration of exogenous nitric oxide donors and cGMP analogs, as
well as in normal humans, after low-dose bicoronary infusions of substance-P, a
stimulator of NO release from endotheliocytes, or of sodium nitroprusside, nitric
oxide enhances the myocardial relaxation and lowers the left ventricular end-diastolic
stiffness probably via a reduced myofilament responsiveness to Ca’>" secondary
to elevated cytosolic cGMP level and activated PKG, without affecting markedly
systolic function [339].

Nitric oxide lowers the left ventricular filling pressure, hence diminishing myofil-
ament responsiveness to Ca>* ions, as it increases the left ventricular distensibility
(AV/V)/Ap). Upon infusion of the NO donor sodium nitroprusside (<4 pg/mn,
hence devoid of systemic effects) during cardiac catheterization in the global coro-
nary bed of the left ventricle of patients, the cardiac frequency decrease (from 1.30
to 1.26 Hz [78 &= 11 to 76 &£ /mn]), as well as the left ventricular peak systolic pres-
sure (from 21.4 to 19.4 kPa [161 £ 18 to 146 + 18 mmHg]), and time to onset of
left ventricular relaxation (interval from Q wave to LV dP/dt min; from 432 + 36
to 419 +36 ms) [340]. In addition, angiograms and tip-micromanometer pressure
recordings of some patients show that the left ventricular end-diastolic volume in-
creases (from 158 434 to 165 40 ml), whereas the left ventricular end-diastolic
pressure falls (from 2.4 to 1.6 kPa [18 £5 to 12 &3 mmHg]) [340]. When a right
atrial infusion of sodium nitroprusside was performed before or after the intracoro-
nary infusion, the decrease in left ventricular peak systolic pressure is significantly
smaller than that measured during intracoronary infusion [340]. Improved left ven-
tricular diastolic distensibility during intracoronary infusion of sodium nitroprusside
is unrelated to systemic vasodilation or to pericardial constraint and may be explained
by a direct myocardial effect of nitric oxide.

The basal release of nitric oxide augments the Frank—Starling response (length-
dependent change in myofilament responsiveness to Ca’* ions with augmented
ventricular performance in response to heightened end-diastolic volume)® and hence
preload-induced elevation of cardiac output in isolated guinea pig hearts, without
relation to change in coronary flow [339].

In ischemic and nonischemic dilated cardiomyopathy, NO becomes deficient.
In dilated nonischemic cardiomyopathy, the left ventricular myocardial expression
of inducible (NOS2) and constitutive (NOS3) nitric oxide synthases is correlated

8 This intrinsic factor contributes to the regulation of cardiac output, in addition to cardiac fre-
quency, neurohumoral control, coronary flow, and cardiac load. In normal humans, it participates
markedly in increase in cardiac output during postural changes and submaximal exercise. In di-
lated cardiomyopathy, the Frank—Starling mechanism is impaired, an acute increase in ventricular
volume fails to augment stroke volume [339].
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with left ventricular stroke volume and work [341]. In patients with elevated left
ventricular end-diastolic pressure (> 2.13 kPa [16 mmHg]), a better correlation is
observed between myocardial expression of NOS2 and left ventricular stroke volume
and work and ejection fraction. In patients with elevated left ventricular end-diastolic
pressure, an intracoronary infusion of substance-P (that causes NO release from the
coronary endothelium) raises the left ventricular stroke volume (from 72+ 13 to
91+ 16 ml) and work as well as shifts the left ventricular end-diastolic pressure—
volume relation to the right [341].

Altered NO availability detected from high plasma levels of methylated
Larginine metabolites (monomethylarginine and symmetric and asymmetric
dimethylarginines) that inhibit NOS is strongly related to left ventricular diastolic
dysfunction and weakly to left ventricular systolic dysfunction [342]. “arginine can
thus be used concomitantly with B-blockers in heart failure to improve myocardial
NO availability and diastolic left ventricle distensibility.

4.6 Dilated Cardiomyopathies

Dilated cardiomyopathy (DCM) is the most prevalent form of cardiomyopathy. It
actually represents the final common morphological outcome of various prolonged
cardiac insults. Once it is symptomatic, about 50 % of DCM patients die within
5 years.

Dilated cardiomyopathy combines myocyte injury and necrosis associated with
myocardial fibrosis, that is structural defects associated with an impaired mechanical
function. The left ventricle or both ventricles are dilated and the contraction is im-
paired (ejection fraction < 40 %; left ventricular end-diastolic size > 115 % of that
calculated for age and body surface area). Ventricular walls thinning is associated
with an enlargement of the interior dimensions of the ventricular chamber. The left
and right atria are also enlarged due to impaired ventricular relaxation.

About one-third of patients with an idiopathic DCM have a family DCM history.
Familial DCM is transmitted autosomally (recessive and, most often, dominant) via
maternal mitochondrial DNA or as X-linked mutation [332]. Unlike hypertrophic
cardiomyopathy that is almost exclusively linked to mutations in sarcomeric pro-
teins, familial DCM is also associated with mutations in cytoskeletal proteins and
components of the mechanotransduction system (Tables 4.8 and 4.9).

Vinculin, a structural component of cardiomyocytes, is implicated in dilated
cardiomyopathy. In mouse VCL-knockout cardiomyocytes, tagging magnetic reso-
nance imaging acquired before the onset of global ventricular dysfunction shows that
systolic strains transverse to the myofiber axis lower without changes along the my-
ofibers and in tension in papillary muscles [343]. Transmission electron microscopy
exhibits an enlargement of myofilament lattice spacing. Atomic force microscopy
reveals a significant decrease in membrane cortical stiffness.

In addition to idiopathic and genetic causes, DCM can have a viral, immune,
and/or toxic (e.g., alcoholic) origin, or be associated with a cardiovascular disease
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Table 4.8 Dilated cardiomyopathy, genetic causes, and cellular pathology (Source: [332]). Gene
mutations can be common to multiple forms of cardiomyopathies

Involved protein Mutated gene Pathology

Cardiac a-actin ACTC1 Interstitial fibrosis
Cardiac a-actinin ACTNI1

a-tropomyosin-1 TPMI Ventricular wall stiffness
B-myosin heavy chain MYH7 Ventricular wall thinning
Titin TTN

Troponin-C TNNC

Troponin-I TNNI

Troponin-T2 TNNT2

d-sarcoglycan SGCD Inflammation

Desmin DES Ventricular chamber enlargement
Vinculin VCL

y-catenin CTNNG

Plakoglobin N-cadherin CDH2 Cardiomyocyte apoptosis
Lamin-A/C LMNA

Phospholamban PLN

Presenilin-1/2 PSEN1

Nay1.5 SCNS5A

WWTRI TAZ

TAZ taffazin, WWTRI WW domain-containing transcription regulator-1

Table 4.9 Genetic mutations in human dilated cardiomyopathy. (Source: [321])

Locus Involved protein Mutation type

1932 Cardiac troponin-T Deletions

14q11 Cardiac B-myosin heavy chain Missense

15q14 Cardiac actin Missense

1pl-q21 Lamin-A/C Missense

2q35 Desmin Missense

Xp21 Dystrophin Deletions

Xq28 Tafazzin Deletions, splicing defects

in which the degree of myocardial dysfunction is not explained by the abnormal

loading condition or the extent of ischemic damage.

Histology is nonspecific. Arrhythmias, thromboembolism, and sudden death are
common events that can occur at any stage of dilated cardiomyopathy evolution.
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The Dicer gene involved in microRNA processing is required to avoid dilated
cardiomyopathy, the most common cardiomyopathy associated with heart failure
[344]. Mutations in lamins-A/C are linked to dilated cardiomyopathy.

The TRPV2 carrier is a Ca?>" channel activated by temperatures greater than
50°C that can also function as a mechanosensitive ion channel in sensory neurons
and atriomyocytes. However, thermal and mechanical responses of Trpv2~/~ mice
are identical to those of wild-type mice. The TRPV2 channel translocates to the
plasma membrane from internal cytosolic pools in response to insulin-like-growth
factor IGF1 and insulin. Chemical agonists of the channel include endocannabinoids
[345].

Transient receptor potential (TRP) channels are synthesized in every cardiac cell
type (myocytes, fibroblasts, endotheliocytes, and vascular smooth myocytes).” In
the myocardium, TRPV2 is responsible for the positive inotropic effect of some
agonists, as it mediates Ca>" release for the sarcoplasmic reticulum. The human
cardiac ventricular cells of dilated cardiomyopathy contain higher TRPV2 amount
at the sarcolemma [346]. In mice, overexpression of TRPV2 leads to cardiomyopathy
due to Ca>* overloading, phosphorylation of calmodulin-dependent protein kinase
CamK?2, and reactive oxygen species production. This ion channel may be activated
by membrane stretch.

4.7 Restrictive Cardiomyopathies

Restrictive cardiomyopathy (RCM) is characterized by restrictive filling and reduced
diastolic volume of either or both ventricles with normal or quasinormal systolic
function and wall thickness. Interstitial fibrosis can be found. It represents in general
less than 5 % of cardiomyopathies, but in certain populations, it can be more common.
It is the least common, but most lethal form of cardiomyopathy.

Restrictive cardiomyopathy can be idiopathic or associated with other diseases,
such as amyloidosis and endomyocardial disease with or without hypereosinophilia.
In addition to diseases, cardiac injury caused by radiation, scarring after cardiac
surgery, and infection can also cause a restrictive cardiomyopathy. Among induced
initiators, RCM can have a genetic origin (Table 4.10). Mutations in troponin-I
gene that participates in the regulation of calcium-mediated actin—-myosin interac-
tion, is the primary cause of familial RCM [332]. Mutations in other sarcomeric
proteins, such as cardiac desmin, cardiac a-actin, and B-myosin heavy chain, as well
as mutations that are not related to hypertrophic cardiomyopathy can be detected in
RCM patients. Idiopathic restrictive cardiomyopathy occurs in the absence of other
pathology, although it can be associated with skeletal muscle myopathies.

° Calcium influx through TRPC channels activates PP3-NFAT axis and hence causes cardiac hy-
pertrophy [345]. Mutations in the human Trpm4 gene are linked to progressive familial type-1 heart
block and isolated cardiac conduction block. The TRPM7 channel is involved in cardiogenesis.
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Table 4.10 Restrictive

. . Mutated gene Pathology

cardiomyopathy, genetic

causes, and cellular pathology Cardiac a-actin Fibrosis

(Source: [332]). Gene (ACTCI1 gene)

muta.tions can be common to B-myosin heavy chain

multllple forms .Of (MYH7 gene)

cardiomyopathies
Troponin-I Ventricular wall stiffness
Troponin-T
Desmin Apoptosis

Restrictive cardiomyopathies can be categorized as primary (e.g., endomyocardial
fibrosis, Loffler’s endocarditis, idiopathic restrictive cardiomyopathy) or secondary
caused by infiltrative diseases (e.g., amyloidosis, sarcoidosis, radiation carditis)
and storage diseases (e.g., hemochromatosis, glycogen storage disorders, Fabry’s
disease).

Unlike hypertrophic cardiomyopathy, altered wall deformability is observed in
the absence of changes in ventricular myofibrillar arrangement [332]. Ventricular
relaxation is impaired and the atria enlarge in response to the increased pressure in
some patients.

4.8 Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC), or arrhythmogenic
right ventricular dysplasia (or dystrophy [ARVD]), affects approximately 1 in
5000 individuals. It represents 20 % of deaths in individuals under 30 years old
[332].

It is characterized by a fibrofatty substitution of cardiomyocytes of the right ven-
tricle that leads to right ventricular enlargement and dysfunction with complications,
such as life-threatening arrhythmias and sudden death. Patches of cell death and fatty
infiltration localizes mainly to the right, but also, to a lesser extent, left ventricle.
Left ventricular lesions are common in the later stage of the disease.

It is a familial disease in more than 50 % of patients, generally inherited in an
autosomal dominant or recessive mode (Table 4.11). Mutations in genes that encode
desmosomal constituents that mechanically couple neighboring cardiomyocytes for
a coordinated contractility, account for most inherited cases [332].

Nesprin-2 may be implicated in arrythmogenic right ventricular dystrophy, both
mapped to chromosome-14q23. Approximately 50 % of patients have a mutation in
one of the 5 major desmosome components: desmosomal cadherins desmocollin-2
and desmoglein-2, desmoplakin, plakoglobin (or y-catenin), and plakophilin-2 [347].

It is diagnosed usually in early adulthood by symptoms of supraventricular and
ventricular arrhythmias or right-sided heart failure. It can also be discovered during
family screening. However, often, sudden death is the first sign.
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Table 4.11 Arrhythmogenic right ventricular cardiomyopathy (ARVC), genetic causes, and cel-
lular pathology (Source: [332]). Arrhythmogenic right ventricular dysplasia is a genetic disease
caused by mutations in desmosomal proteins characterized by a fibroadipocytic replacement of
cardiomyocytes. Gene mutations can be common to multiple forms of cardiomyopathies

Mutated gene Pathology

y-catenin Right ventricular fibrosis
(also known as desmoplakin-3 and junctional
plakoglobin [JUP gene])

Plakophilin-2 Right ventricular dilation
(ARVD9)

Desmocollin-2 Fibrofatty infiltration
Desmoglein-2 Apoptosis

Desmoplakin Fibrofatty replacement (ARVC)

Possible arrhythmogenic LV cardiomyopathy

LV left ventricle

Electrocardiographically, € waves (slurred ST segments) are observed in V1 to
V3 derivations, with possible inverted T waves in V2 and V3, in the absence of
right bundle branch block. Echocardiography can detect localized right ventricular
aneurysm and failure. Fatty infiltration of the right ventricle can be identified by
magnetic resonance imaging.

4.9 Diabetic Cardiomyopathy

Diabetic cardiomyopathy is observed in type-1 and type-2 diabetes mellitus. Itis char-
acterized by both systolic and diastolic dysfunction. Pathogenic factors of diabetic
cardiomyopathy include hyperglycemia and elevated nonesterified fatty acid levels
that augment glucose flux via the hexosamine synthesis pathway and subsequent
glycosylation of many proteins.

Major contributors to cardiac dysfunction in diabetes include abnormal Ca**
mobilization, altered myofilament Ca* sensitivity, and slower cross-bridge cycling
that lead to defective excitation—contraction coupling associated with myocardial
insulin resistance [349].!° Impaired insulin signaling alters ion carrier functioning
(e.g., Cay 1.2 and SERCA) and reduced activity of survival kinases (PKB), activating
FoxO factors, which are initiators of cell death.

19 Insulin binding to its receptor stimulates receptor tyrosine autophosphorylation and primes
insulin receptor substrate phosphorylation to activate the phosphatidylinositol 3-kinase and mitogen-
associated protein kinase pathways. The PI3K—PKB cascade leads to a set of effectors, such as
glycogen synthase kinase-3, nitric oxide synthase-3, and glucose transporter GluT4. Insulin resis-
tance is associated with defects in insulin-mediated IRS phosphorylation, PI3K activity, and glucose
transport.
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Hyperglycemia and hyperlipidemia increase the formation of glycated end prod-
ucts. Glycation of collagen, SERCA2a, and RyR2, damage cardiomyocytes.
Moreover, excessive glucose and lipid levels promote ROS generation. In addition,
FoxO1 stimulates NOS2, thereby causing via NO protein modification, i.e., nitration
(introducing a nitro group [NO,]) and nitrosylation (adding a nitrosyl ion [NO™]), of
transfer proteins such as VAMP?2 followed by augmented membrane translocation of
ScaRb3 receptor and fatty acid influx [30]. Furthermore, FoxO1 supports cell death
upon increased reactive oxygen and nitrogen species generation, ROS-mediated
MAPK stimulation, reduced antioxidant capability, and decreased mitochondrial
function, i.e., in a caspase-dependent and caspase-independent manner.

Animal models of diabetes exhibit fetal gene expression (e.g., increased expres-
sion of atrial natriuretic peptide and a-skeletal actin; increased 3-myosin heavy chain
and reduced a-myosin heavy chain expression; Table 4.12).

Transient receptor potential vanilloid channel TRPV1 in vascular smooth muscle
and endothelial cells, which is gated by chemical and physical stimuli (e.g., pH and
heat), couples coronary blood flow with metabolism via nitric oxide and the large-
conductance Ca®*-sensitive K* channel (BK) [350]. In particular, Ca’>* entry via
endothelial TRPV 1 channel triggers NO-dependent vasodilation of coronary arteries.
Myocardial blood flow regulation by TRPV1 via vasodilation and its coupling to
metabolism via the NO-BK axis is disrupted in diabetic cardiomyopathy. Expression
of TRPV 1 in diabetic mouse hearts is markedly reduced with respect to healthy hearts
[350].

The prediabetic heart is characterized by a monocyte infiltration associated with
proinflammatory cytokine release, adverse cardiac remodeling, and heart dysfunc-
tion [351]. Bone morphogenetic protein BMP7 activates infiltrated monocytes into
M2 macrophages that liberate anti-inflammatory cytokines, thereby reducing adverse
cardiac remodeling and improving cardiac function.

4.10 Dystrophic Cardiomyopathy

Muscular dystrophy can affect the myocardium, generating a dystrophic cardiomy-
opathy in humans. Cardiomyopathies are then linked to muscular dystrophies
caused by autosomal recessive mutations in proteins anchoring the sarcomere to
the extracellular matrix.

Dystrophinopathies result from mutations in the dystrophin gene. They represent
a category of diseases characterized by a cytoskeletal disarray.

Among the most severe forms of dystrophy, Duchenne muscular dystrophy
(DMD) is associated with cardiac manifestations in the majority of adolescent DMD
boys. About 20 % patients suffer from ventricular dysfunction and arrhythmias that
ultimately evolve to heart failure or sudden cardiac death. Abnormal excitation—
contraction coupling is linked to an impaired intracellular Ca®>* homeostasis.
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Table4.12 Molecular changes in diabetic cardiomyopathy (Source: [349]). The activity of PKA and
PKCB decreases and increases, respectively. Troponin-I and phospholamban phosphorylation thus
decays. Mitochondrial Ca?* content and ROS generation rise. Ton carrier activity changes include:
(1) depressed outward transient outward K+ and L-type Ca?* currents; (2) reduced Na*—Ca>*
exchange and sarcoplasmic reticulum Ca®* uptake; and (3) impaired ryanodine receptor activity.
B-adrenergic receptor signaling is reduced, as B1AR expression decreases. These modifications
lead to the following prominent alterations in ventriculomyocyte excitation—contraction coupling:
(1) prolonged action potential duration; (2) decreased cytosolic Ca** removal and sarcoplasmic
reticulum Ca’* uptake rate; and (3) slowed contraction and relaxation. Glycosylation of cardiomy-
ocyte proteins (e.g., SERCA2a and RyR2) and extracellular matrix (e.g., collagen) disturbs cardiac
structure and function, as it causes irreversible cross-links within and between proteins

Molecule Activity

Ion carriers

Cay1.2 (L-type Ca?* channel) Unchanged

(high threshold, long lasting)

Ky4 (transient outward K* channel) Reduced
Nat—Ca?* exchanger Reduced (usually)
Na™-K* ATPase Reduced
Ryanodine receptor Reduced
SERCA2a Reduced
Regulators

B1-adrenoceptor

Decreased expression

Angiotensin-2

Increased level

Phospholamban Increased

Protein kinase-A Reduced

Protein kinase-Cf Increased
Mpyofilaments

Myosin ATPase Reduced

MHCa Decreased expression
MHCB Increased expression

Troponin-I and -T

Reduced Ca?* sensitivity

(PKC-mediated phosphorylation)

Actomyosin MEATPase Reduced

Glucose metabolites

Glycosylated products Increased
ROS production Increased

MHC myosin heavy chain, ROS reactive oxygen species

Although Duchenne and Becker muscular dystrophies are X-linked, up to 18 %
of female carriers that do not exhibit skeletal muscle dystrophy have heart failure

[332].
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Changes in Ca>* homeostasis and oxidative stress are associated with cardiac de-
terioration. Oxidative stress participates in disrupting calcium handling. Augmented
sensitivity of the Ca?* release channel ryanodine receptor precedes malady progres-
sion. In dystrophic cardiomyopathy, intracellular bursts of Ca** sparks and waves
results from elevated Ca>* leak from the sarcoplasmic reticulum and hence reduced
Ca’* storage [352].

Oxidative stress initiates the development of dystrophic cardiomyopathy. Oxida-
tion of ryanodine receptors followed by phosphorylation, first by CamK?2 and later
by PKA, contributes to cardiac deterioration [352]. The production of NADPH ox-
idase NOx2 and subsequently of superoxide rises (about fivefold) [353]. Inhibition
of NOx2 restores: (1) myocardial contractility; (2) amplitude of intracellular Ca’**t
concentration transients; (2) total sarcoplasmic reticulum Ca’t content, as it low-
ers the occurrence rate of spontaneous diastolic calcium release events. In addition,
NOSI expression rises (eightfold), but cardiac NO production decays because of
NOSI1 uncoupling [353]. Inhibition of NOx2 helps the NOS1 recoupling.

4.11 Hemochromatic Cardiomyopathy

Hemochromatosis results from iron overload and deposition in the sarcoplasmic
reticulum of cells in many organs, including the heart. It generally follows an au-
tosomal recessive pattern of mendelian inheritance. Hemochromatosis can provoke
restrictive or dilated cardiomyopathy.

4.12 Hypertrophic Obstructive or Nonobstructive
Cardiomyopathies

Hypertrophic cardiomyopathies (HCM) is a genetically inherited asymmetrical
left ventricular hypertrophy (in the absence of any evident cause). They are also
characterized by an increased incidence of arrhythmias and cardiac sudden death.

Obstructive and nonobstructive hypertrophic cardiomyopathy differ according to
whether the distortion of the heart anatomy causes an obstruction of the blood outflow
tract, especially in the left ventricle, or not. Obstruction of the left ventricular outflow
tract engenders a pressure overload.

Hypertrophic obstructive cardiomyopathy (HOCM) was called idiopathic hyper-
trophic subaortic stenosis and asymmetric septal hypertrophy. Nonobstructive HCM
is an apical hypertrophic cardiomyopathy, also termed Yamaguchi hypertrophy.

Familial hypertrophic cardiomyopathy (FHCM) ranges from the asymptomatic
form to obvious cardiomyopathy. About two-thirds of cases of familial hypertrophic
cardiomyopathies are attributable to mutations in genes that encode sarcomeric pro-
teins, about half of them residing in two genes that encode cardiac myosin (e.g.,
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Table 4.13 Genetic mutations in human hypertrophic cardiomyopathy (Source: [321]). A missense
mutation at residue 403 in the actin-binding segment of myosin was the first mutation identified
in familial hypertrophic cardiomyopathy. In mice, the heterozygous R403Q mutation in myosin
heavy chain is characterized by normal systolic, but abnormal diastolic function, in the absence of
hypertrophy. The mutation type include missenses (i.e., single amino acid substitutions such as in
MHC mutants) and deletions (i.e., truncation of a portion of the peptidic chain such as in cMyBPc
mutants)

Locus Involved protein Mutation type

1932 Cardiac troponin-T Missense, deletions, splice defects
2q31 Titin Missense

11pll Cardiac myosin-binding protein-C Missense, deletions, splice defects
14q12 Cardiac B-myosin heavy chain Missense

15q14 Cardiac actin Missense

15q22 a-tropomyosin Missense

19q13 Cardiac troponin-I Missense

3p21 Essential myosin light chain Missense

12q23-p21 Regulatory myosin light chain Missense

MYHG6 and MYH7 that encode cardiac myosin heavy chain-a and -f) and myosin-
binding protein-C and most often (~ 40 %) in the MYBPC3 gene. The majority of
MYBPC3 mutations reduce cMyBPc expression.

The myosin tail forms the structural core of the thick filament and the myosin head
has catalytic, converter, and lever arm or load-bearing functions. Myosin uses the
energy released from ATP hydrolysis for contracting the sarcomere, that is, launch-
ing the movement of the thin actin—troponin—tropomyosin filament over the thick
myosin filament in a ratchet-like fashion. Its in