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Preface

Research in vascular biology has rapidly evolved during the last decades and is one of the
major fields in biomedical research. It has been a common knowledge for quite some
time that blood and lymphatic vessels cannot be considered as simple pipes for providing
substances to organs and for discarding organ-derived waste material. Blood and lym-
phatic vessels can rather be considered as a very complex system, which is involved in a
variety of physiological and pathophysiological processes in the organism.

Important study areas within the field of vascular biology are the research on atheroscle-
rosis, a major disease in Western countries with millions of affected patients in Europe
and the United States, and on thromboembolic diseases. Also, the analysis of the forma-
tion of new blood vessels either from existing vessels (angiogenesis) or from stem cells
(vasculogenesis), respectively, is a major research area in vascular biology, since the for-
mation of new blood vessels is essential for wound healing, for reproduction, for tumor
growth, and for metastasis formation.

This book was written with the intention to provide basic knowledge in vascular biology
for PhD students, diploma students, and other scientists working in different fields of
vascular biology. In the first three chapters, the authors describe the morphology of dif-
ferent blood and lymphatic vessels and explain very basic principles of cardiovascular
physiology. These chapters are addressed mainly to those readers without or with very
little biomedical background. Following are chapters describing state-of-the-art knowl-
edge of the biology of the vascular system, diseases of the vascular system and disease
mechanisms, as well as experimental techniques and animal models used in vascular
biology research.

I would like to thank all authors who contributed to this book. Their expertise, effort,
and patience are very much appreciated! Many thanks also to the Springer staff, espe-
cially to Dr. Amrei Strehl, for their support and help.

Margarethe Geiger
Vienna, Austria
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What You Will Learn in This Chapter
There are two circulation systems in the body: the blood and the lymphatic vasculature.
The closed nature of blood circulation was fully understood not until the seventeenth
century, when the capillaries were traced by microscopes.
The anatomic structure and role of the lymphatic vasculature remained similarly enigmatic
but was also elucidated during the seventeenth century.
The two vascular systems form anatomically distinct, separate networks.
Blood circulation is a closed system of arteries and veins, which are connected by the
capillaries.
The lymphatic system is composed of a network of blind-ended “blood-less” vessels located
in close proximity to the veins.

1.1 The Vasculature: Overview and History

Blood vessels constitute the blood-containing circulation, representing a closed system of
arteries and veins, which are connected by the capillaries. The blood vascular system
provides all tissues with oxygen, nutrients, and immune cells and undertakes the evacu-
ation of metabolites. Arteries deliver oxygenated blood from the lung to the arterioles
and further to the capillaries in the periphery of the body where a bidirectional exchange
between blood and tissue occurs. The task of veins is to collect deoxygenated blood and
to transport it back to the heart. The lymphatic system works auxiliary to the venous
vasculature by collecting excess interstitial fluid, proteins, particles, and cells that have
leaked into tissues, returning these into the blood. It takes over approximately 10% of the
capillary filtrate residuum. Importantly, lymphatic vessels directly absorb dietary lipids
from the gut and deliver them to the blood circulation. Before returning lymph fluid into
the blood, it is passed through lymph nodes for presentation of foreign components to
immune cells. Concomitantly, lymphatic vessels guide immune cells to the lymphoid
organs.

1.1.1 Body Fluids Are Transported Within the Vasculature

s Body Fluid and Body Compartments

Approximately 60% of a vertebrate organism’s mass consist of aqueous solution in
which life-sustaining substances are stored and transported [1]. This watery content is
split between the intracellular and the extracellular compartment in a proportion of
two- (40%) to one-third (20%) [2]. In order to maintain liquid homeostasis and to
provide all body regions with necessary substances [3], vertebrates are pervaded by the
vascular systems. These form a specialized and highly branched network of vessels that
are lined by endothelial cells and extend through the whole body [4]. Hence, the fluid
of the extracellular compartment itself is divided between the interstitial and the
intravasal volume, again split in a ratio of two-third/one-third, respectively. Assuming
as an example a body weight of 70 kg, the intracellular fluid volume comprises approx.
28 1 (40%) and the extracellular approx.14 1 (20%), which is subdivided into 9.3 1
(13.3%) interstitial and 4.7 1 (6.7%) intravascular fluid. There is constant fluid and sub-
stance exchange between these liquid entities that is driven by continuous circulation
of its components.
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= Vertebrates Have Two Vascular Systems

Vertebrate bodies contain two circulation systems, the blood and the lymphatic vessels,
serving as transport routes of liquids. Their detailed anatomy and function was uncovered
and ascertained during the sixteenth to twentieth century (see » Sects. 1.2 and 1.3). In
both systems, large vessels sprout consecutively into smaller and smaller vessels which
finally form smallest structures, the capillaries. They are two anatomically distinct, non-
communicating types of vessel networks, which have different structures and fulfill differ-
ent tasks [5, 6]. Essentially, the cardiovascular system consists of the heart and blood
vessels (arteries, veins, and capillaries), while the lymphatic system comprises the lym-
phatic vessels (thoracic duct, collecting ducts, and capillaries) and lymphatic organs
(Ilymph nodes, bone marrow, spleen, thymus, tonsils).

Blood vessels constitute the blood containing circulation, representing a closed system
of arteries and veins, which are connected by the capillaries. The blood vascular system
provides all tissues with oxygen, nutrients, and immune cells and undertakes the evacua-
tion of metabolites [7]. Arteries deliver oxygenated blood from the lung to the arterioles
and further to the capillaries in the periphery of the body where a bidirectional exchange
between blood and tissue occurs [8]. The task of veins is to collect deoxygenated blood
and to transport it back to the heart (B Fig. 1.1a).

The lymphatic vascular system represents a separate network of blind-ended lymphatic
vessels, closely associated with the blood vessels. Lymphatic vessels collect and drain
excess tissue fluid, extravasated plasma proteins, and cells from the interstitial compart-
ment [11, 12]. Tissue fluid is filtered in the lymph nodes and transferred back into the
blood circulation through the lymphatic ducts and finally transported into the venous
system via the thoracic duct (8 Fig. 1.1a). It is a thin-walled and fragile system, closely
located to the venous vasculature, and its morphology is hardly preserved in morphologi-
cal studies, which makes it difficult to visualize.

= Morphology and Molecular Markers of the Vasculature

Until a few years ago, blood and lymphatic vessels residing in the tissues were distinguished
according to morphological and histological criteria, thinner walls, no basement mem-
branes (BM), and lack of pericytes of lymphatics. Highly detailed inspections of transmis-
sion electron microscopy (TEM) images largely contributed to the characterization of the
vascular systems [13], without use of distinct molecular markers. It was evident, that the
inner surface of both of these hollow tubes is covered by blood (BEC) or lymphatic (LEC)
endothelial cells disposing of diverse morphology, indicating that they serve diverse func-
tions and dispose of specific molecular equipments. However, uncertainty remained about
the clear distinction of blood and lymphatic endothelial cells on a molecular level. During
the last 10 to 20 years, progress in the field of molecular biology dramatically accelerated
the identification of endothelial-specific markers, and a range of exclusive and non-exclu-
sive endothelial cell-specific proteins was identified [14-18] that are used for specific label-
ing of vessels and the respective surrounding vascular basal lamina [13].

1.1.2 Discovery of the Blood Vasculature and Concept
of Blood Circulation

= Understanding the Anatomy of the Blood Vasculature
Our principal understanding of blood vessel structure and vascular function is based on
the early works of ancient Greek anatomists. Outstanding among these are Herophilus and
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O Fig. 1.1 aBodies contain a
two vascular systems. Scheme Thoracic duct
of the cardiovascular and
lymphatic vascular circulation.
(From: Jones et al., Nat Rev Mol
Cell Biol 2001 [9]). b Emer-
gence of the lymphatic
vasculature during embryonic
development. b Localization
of the primary lymph sacs in a
9-week-old human embryo.
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Erasistratus, who studied and published in Alexandria in the third century B.C. during the
era of the Ptolemaic kingdoms. They performed autopsies and were the first to describe the
blood vasculature, distinguishing arteries from veins and understanding that they formed
a closed circulation. Unfortunately, their works were destroyed during the burnings of the
Alexandrian library, but they were extensively cited approximately 450 years later in the
book Methodus medendi by Galenos of Bergamo (~130-210), who worked during the sec-
ond century A.C. in Rome as a famous physician. He undertook the first attempts to under-
stand the circulation in its entirety, essentially assuming that blood is generated in the liver
from the chyle (i.e., the intestinal lymph fluid) and consumed by the tissues, after it has
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absorbed vital spirits by the breath (pneuma) [19]. Blood was believed to pass from the
right to the left side of the heart, and the venous system was seen as separated. This sight
was sacrosanct until the mid of the seventeenth century. However, already during the
period comprising the eighth to the sixteenth century, when scientific activity remained
rather reclined in Europe, physicians in the Islamic world disagreed with Galen’s dogma.
The Persian universal scientist Avicenna (Ibn Sina) (980-1037) anatomically described
arteries and deep/saphenous (Arab. safin) veins in his Canon of Medicine. Ibn-al-Nafis
(1213-1288), an Arab physician, postulated the lung circulation and emphasized that he
could not trace any passage between the right and left cavity of the heart [19]. Not until the
fifteenth and sixteenth century, highly detailed anatomic studies were undertaken in
Europe, which at least provided us with the first accurate morphological studies of the
blood vessels: Among these are drawings of the veins by Leonardo da Vinci (1452-1519)
and descriptions of the venous valves by Italian anatomists (G. Canano, L. Vassaeus,
S. Ambianis) in the mid of the sixteenth century. A. Cesalpino understood their function in
1559 (De re anatomica) by saying that they “prevent the blood from returning” [20].

m  Understanding the Riddle of Systemic Circulation

The Flemish Andreas Vesalius (1514-1564), an ingenious renaissance anatomist and sur-
geon, founded our modern anatomic view by performing detailed research on the human
blood vessel morphology. In his seven books De humani corporis fabrica libri septem
(1538-1542), he gives a comprehensive and clear overview of the structures of the human
body, illustrated by more than 200 xylographs. He describes the anatomy of the vasculature,
including the venous valves. After all, it is the merits of William Harvey (1578-1657) to
break with Galen’s view of constant blood production and consumption and to give us a
real idea of the principle of the blood circulation [21]. In his famous De motu cordis (1628),
he showed by detailed experimental studies that blood constantly circulates and postu-
lated a yet unobserved link between arteries and veins. This theory was finally proved by
the discovery of the “missing link” between arteries and veins, namely, the finest blood
capillaries, by Marcello Malpighi (1628-1694) in 1661, who made use of the first micro-
scopes at that time [22].

1.1.3 Discovery of the Lymphatic System and Its Development

= Understanding Lymphatic Vessel Anatomy

Already the most famous ancient physician Hippocrates of Kos (460-370 B.C.) recognized
mentions the lymphatic system and lymph nodes. After Herophilus and Erasistratus, the
Roman physician Rufus of Ephesus (~80-150 AD) identified lymph nodes and the thymus.
Again in the sixteenth century, which somehow was the golden age of anatomy, the lacte-
alsand the thoracic duct were described by Gabriele Falloppio (1523-1562) and Bartolomeo
Eustachi (1510-1574), respectively [23]. Just some decades later, the lymphatic vascula-
ture was extensively described by Gaspare Aselli (1581-1626) in Milano, after he had dis-
covered “milky veins” during vivisections in the intestine of dogs. His dissertation “De
lactibus sive lacteis veni” [24] contains several colored xylographs, illustrating his findings
in a very beautiful manner. The German anatomist Johann Veslingius (1598-1649), who
was a professor in Padua, contributed to the issue with detailed sketches of the lacteals in
humans in 1647 [25]. However, the key finding of lacteals being finally connected to the
thoracic duct, where the chyle is flowing into the venous bloodstream and only then
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arrives in the liver, was established by Jean Pecquet (1622-1674) in 1651, which again was
a counterevidence to Galen’s still prevalent dogma. Ultimately, the physicians Thomas
Bartholin (1616-1680) and Olaus Rudbeck (1630-1702) in 1652 quasi simultaneously
published their independently gained finding of lymphatic vessels ultimately closing the
circulation by conferring lymph transport through the thoracic duct back to the venous
system [26, 27]. It evoked a kind of early scientific battleship about the precedence of their
findings, which ended up in a hateful controversy [28].

= Understanding Lymphatic Function

After this period, knowledge about the lymphatic system and its function was further
extended: The German physician and very fruitful medical writer Friedrich Hoffman
(1660-1742) described it in his Medicina rationalis systematica (1718-1734) as an absor-
bent system, previous to the more famous physicians Alexander Monro II (1733-1817)
and William Hunter (1718-1783). Felice Fontana (1730-1805), a natural scientist, anato-
mist, and physiologist working in Florence, founded a collection of anatomic wax models
that were exhibited in the museum Reale Museo di Fisica e Storia Naturale, also called
“La Specola” He was in charge of employing the artist Clemente Susini (1754-1814) to
form these figures. Emperor Josef II. of Austria (1741-1790) visited the museum in 1780;
he was fascinated by these objects and initiated the production and transport of a second
collection of such wax models during 1784-1786 with pack mules to Vienna. These
nearly 1200 wax figures are nowadays a precious part of the Museum of Medical History
of Vienna, the so-called Josephinum. At the same time, the Italian scientist and physician
Paolo Mascagni (1755-1815) used ink injections and microscopy to study the lymphatic
vessels [29], and his findings were included in the formation of the Viennese wax models
by Susini, which impressively show the equal occurrence of lymphatic vessels besides the
established complexity of the blood vasculature. He published Vasorum lymphaticorum
corporis humani historia et iconographia (1787), where the lymphatic system of the
human body was described extensively. Mascagni, however, was overestimating the
abundance of this vascular system by claiming that also hair, nails, and teeth were con-
taining lymphatic vessels.

»  Understanding the Embryonic Development of the Lymphatic System

Due to the lack of visibility, exploration of the developmental steps of the lymphatic
system has remained rather neglected, and the origin of this “blood-less” vessel system
remained unexplained [30]. In the nineteenth century, a centripetal model was estab-
lished, suggesting that the earliest lymphatic endothelial cells were deriving from the
mesenchyme. Strikingly, in 1902, Florence Sabin (1871-1953) proposed a centrifugal
model of lymphatic vasculature development [31, 32]: She injected ink into pig embryos
of varying age and showed that lymphatic vessels have their origin by budding from the
cardinal veins, forming the primary lymph sacs (B Fig. 1.1b and c). They then extend by
endothelial sprouting into the surrounding tissues and organs, where local capillaries are
formed. On the contrary, the anatomists George Huntington and Charles McClure [33]
claimed that the primary lymph sacs are built in the mesenchyme, and afterward connec-
tions to the venous system are established. At least, this hypothesis has been proven true
for avian lymphatic development [34]. Only at the end of the twentieth century, the Sabin
hypothesis could be verified by novel genetic models and fluorescent staining techniques
[35-37], and it is now generally accepted that in mammalians, lymphatic vessels arise
only after the development of the cardiovascular system by transdifferentiation from
veins.
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1.2 Blood and Lymphatic Vessel Morphology

Blood and lymphatic vessels consist of vessel networks that are lined by blood and lymphatic
endothelial cells (BECs and LECs), which descend from the same embryonic origin [6].
Complementary to extensive histological studies, vessel organization, size, and cellular fea-
tures of the vasculature at different anatomical sites have been analyzed in high detail, reveal-
ing that lymphatic capillaries, blood capillaries, and bigger collecting lymphatic vessels show
eminent structural differences. Along with the discovery of endothelial-specific markers, it
became possible to clearly identify and distinguish blood from lymphatic vascular endothe-
lium in morphology. The distribution and abundance of these molecular markers between
BECs and LECs has been visualized and analyzed in detail. However, it was observed that their
expression abundance and patterns might change in unphysiological conditions or disease.

Development of the vascular system is called vasculogenesis.

Arborization of blood and lymphatic vessels into smallest capillaries.

In the fetus, first the cardiovascular system develops.

Blood and lymphatic capillaries show eminent structural differences.

Lymphatic vessels build a separate vascular system, and they transdifferentiate from

veins.

Ductus thoracicus and ductus lymphaticus dexter are still connected to veins.

1.2.1 Visualization and Marker Molecules

Visualization of vessel morphology During the last two decades, by means of genetic mod-
ifications in mouse models, yet unknown blood and lymphatic vascular markers were identi-
fied. The according use of novel tissue staining and in vivo imaging techniques has led to a
considerable progress in understanding vessel development (lymph—/angiogenesis), blood
and lymphatic vessel role and functioning, and, not least, disease states. Many endothelial
markers are expressed on both, blood and lymphatic vessels, which affirms the close structural
and developmental relationship between the two vessel systems. These markers have funda-
mentally helped to improve our understanding of the formation, morphology, and function of
blood and lymphatic vessels. Moreover, they have enabled the separation and cultivation of
primary BECs and LECs in vitro to study their molecular features in high detail (8 Fig. 1.2¢).

@ Fig. 1.2 Visualization of blood and lymphatic capillaries and endothelial cells. a Immunohistochemi-
cal podoplanin staining of lymphatic capillaries (L) besides an arteriole (A) in human pancreas. (From:
Kerjaschki et al. 2004). b Human kidney cortex labeled with anti-podoplanin (green) and blood vessel
endothelium-specific anti-PAL-E (red) antibodies. L lymphatic vessel, C capillary, T tubule. (From:
Breiteneder-Geleff et al,, Am J Pathol 1999 [38]). c Inmunofluorescence staining of LECs with podoplanin
(red) surrounded by vVWF (green) positive BECs. (From: Kriehuber et al., J Ex Med 2001 [39])
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Marker molecules  Some endothelial cell markers are expressed in both vessel types. These
are, for example, vascular endothelial cadherin (VE-cadherin, CD144) [40], platelet endo-
thelial cell adhesion molecule (PECAM-1, CD31) [41], von Willebrand factor (vWF) [42],
and thrombomodulin (CD141) [43] and are now important tools in diagnostic and scientific
studies. Specific for blood vessels are melanoma cell adhesion molecule (MCAM, CD146,
MUCI18), Pathologische Anatomie Leiden-Endothelium (PAL-E) antigen (B Fig. 1.2b),
endoglin (CD105), and multimerin 2 (MMRN?2, endoglyx-1). Blood vessels show strong
membrane expression of CD31, PAL-E, and CD34 molecule, while the basal lamina essen-
tially contains collagen IV (COLIV) that is connected to the surrounding connective tissue
by proteoglycans [13]. The most important lymphatic vessel markers are vascular endothelial
growth factor receptor 3 (VEGFR-3/Flt-4) [44], prospero homeobox protein 1 (Prox-1) [35,
45], lymphatic vessel endothelial hyaluronan receptor 1 (Lyve-1) [46], and podoplanin
(PDPN) [38] (B Fig. 1.2a—c). While Prox-1 is a transcription factor residing in LEC nuclei,
VEGFR-3, LYVE-1, and podoplanin are located at the cell membranes.

1.2.2 Vasculogenesis

m  Blood Vasculature Origin and Development

In the fetus, first the cardiovascular system develops (B Fig. 1.3a). The de novo formation
of blood vessels during embryogenesis from precursor cells is defined as vasculogenesis
[47, 48]. Proliferation and differentiation of mesodermal cells lead to the formation of
hemangioblasts and angioblasts, which are the precursors of blood endothelial cells
(8 Fig. 1.3b). They form primitive blood islands, which are composed of an inner struc-
ture of hematopoietic precursor cells, surrounded by an outer layer of angioblasts.
Angioblasts differentiate to endothelial cells and form a primary vascular plexus of blood
vessels, whereas the hematopoietic precursor cells differentiate to mature hematopoietic
cells. The blood islands fuse to a primary capillary plexus which then leads to the forma-
tion of the primary vascular network, including the dorsal aorta and the cardinal vein.
These are later covered by vascular smooth muscle cells (vSMCs). Expanding of the primary
vascular plexus occurs by remodelling and proliferation [49, 50], ultimately generating the
network of arteries, capillaries, and veins. Microvessels are closely interacting with peri-
cytes, which are cells with presumable mesenchymal derived origin that are embedded in
the basement membrane (B Fig. 1.3b).

= Lymphatic Vasculature Origin and Development

Lymphatic vessels emerge by sprouting from embryonic veins [44, 51] or from mesoder-
mal lymphangioblastic precursor cells that reside within tissues [36, 37, 52]. They form in
a manner similar to blood vessels: LECs bud from veins and generate six primary lym-
phatic sacs near the junction of the subclavian and anterior cardinal vein [53]. The differ-
entiation process of venous into lymphatic endothelial cells is described as a proposed
four-step process, where upregulation of the lymphatic marker Lyve-1 by a yet unknown
signal or factor leads to lymphatic competence (B Fig. 1.4a). A consecutive cascade of lym-
phatic bias and specification leads to lymph sac formation. Starting from these primary
lymphatic sacs, LECs form a primitive lymphatic vessel system alongside the main venous
trunks, then growing into surrounding tissues and organs (8 Fig. 1.1b). The final and main
lymphatic vessel, the left thoracic duct (ductus thoracicus) develops from the cisterna chyli,
a dilated sac at the lower end of this trunk. Interestingly, it derives from a pair of lymphatic
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@ Fig. 1.3 Vasculogenesis. a Murine embryonic vasculature at day 9.5, visualized with CD31 (PECAM-1)
immunofluorescence staining. (From: Coultas et al., Nature 2005 [41]). b Vasculogenesis and blood
vasculature assembly. (From: Adams & Alitalo, Nat Rev Mol Cell Biol 2007 [4])

trunks and is formed by anastomosis and a remnant of the right lymphatic trunk, which
results in numerous variations of its structure in adults. The thoracic duct remains as a
final connection to the venous blood circulation and is the main provider of lymph fluid
[55]. Despite this site, blood and lymphatic vasculature are strictly separated.

One milestone in the recent upturn of lymphatic vessel research was the discovery of
the small mucin-like protein podoplanin as a specific LEC surface marker, enabling the
particular visualization of lymphatic vessels [38]. Importantly, the final separation step
between blood and lymphatic vasculature is exerted by the lymphatic-specific surface pro-
tein podoplanin, which serves as an ultimate closing device toward incoming blood by
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Morphological and Functional Characteristics of Blood and Lymphatic...

clotting platelets [56]. These platelet thrombi close the connection between the lymph sacs
and the cardinal vein (@ Fig. 1.4a). Consequently, podoplanin negative mice show
bleedings within their lymphatic capillaries. Descending from the largest ducts, blood and
lymphatic vessels sprout into smaller and smallest capillaries, where the direct interaction
with the interstitial compartment occurs. Finally, the two vascular systems run in parallel
and in close proximity, but completely separated, to each other.

Lymph nodes Already during lymph sac formation, small secondary lymph sacs reorga-
nize into lymph node-like structures. Mesenchymal cells immigrate into these sacs and build
a network of lymph conduits within these cavities, the so-called lymphatic sinus. Some mes-
enchymal cells form the lymph node capsule and stromal structures (8 Fig. 1.4b). Myeloid
progenitor cells later immigrate from the bone marrow and thymus, the so-called primary
lymphatic organs [57], while secondary are spleen, lymph nodes, lymph nodules, and tonsils
[58, 59]. Only briefly before and after birth, the lymph follicles and immune germ centers
develop to confer immune response [60].

De novo lymph-/angiogenesis A formation of new blood or lymphatic vessels from pre-
existing ones is called lymph—/angiogenesis. In fully established, resting vessels, BECs, LECs, and
vSMCs express differentiation markers, and their proliferation rate is extremely low. However,
they maintain their ability to dedifferentiate and reenter the cell cycle in response to environmen-
tal stimuli. Adult de novo lymph or blood vessel growth is unusual, but may occur during certain
pathological conditions like tissue inflammation, wound healing, and cancer metastasis [61].
This formation of capillary networks requires a complex series of cellular events, in which endo-
thelial cells locally degrade their basement membrane, migrate into the connective tissue, prolif-
erate at the migrating tip cells, and elongate and organize into capillary loops [62].

Box 1.1 Blood and Lymphatic Vessel Formation

== Endothelial progenitor cells give rise to a primitive vascular labyrinth of arteries and veins.
== During subsequent angiogenesis, the vessel network expands.

= After establishment of the veins, specific lymphatic differentiation markers emerge.

= Emergence of marker molecules specifies and determines lymphatic vasculature formation.

1.2.3 Blood Vessel Morphology

= Blood Vessel Anatomy and Structure

The cardiovascular system consists of the heart and blood vessels, which comprise the
arteries, arterioles, capillaries, venules, and veins. Arteries deliver oxygenated blood to the
capillaries where bidirectional exchange occurs between blood and surrounding tissue.
Veins collect deoxygenated blood from the microvascular bed and carry it back to the heart.
The blood endothelial cells show tight interendothelial junctions [9]. Arterioles and venules
dispose of a basement membrane and are covered by pericytes (B Fig. 1.5a). In addition, the
collecting venules have valves to prevent backflow of blood. In higher vertebrates, the lung
and body are perfused in two separate blood circulation systems. Oxygen-poor venous
blood is pumped to the pulmonary artery and to the lung capillaries, where gas-exchange
occurs. Then, the oxygen-enriched blood is returned to the left part of the heart, from
where it is transported by the main aorta to the organs and tissues of the organism.
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B Fig. 1.5 Morphology of blood vessels. a Arteriovenous differentiation and mural-cell recruitment.
Arterial endothelial cells (ECs) have a characteristic spindle-like morphology and alignment in the direction
of blood flow. Arteries are surrounded by extensive extracellular matrix (ECM), elastic fibers, and layers of
contractile vascular smooth muscle cells (vSMCs). The wall of mature large arteries (such as the aorta) is
composed of the inner tunica intima (ECs and basement membrane), the central tunica media with
multiple alternating layers of matrix and vSMCs, and the outermost layer tunica adventitia, which is rich in
collagen and fibroblasts. Veins have less extensive vSMC coverage and contain valves. (From: Adams &
Alitalo, Nat Rev Mol Cell Biol 2007 [4]). b Wall composition of nascent versus mature blood vessels. (a)
Nascent vessels consist of a tube of ECs. These mature into the specialized structures of capillaries, arteries,
and veins. (b) Capillaries, the most abundant vessels in our body, consist of ECs surrounded by basement
membrane and a sparse layer of pericytes embedded within the EC basement membrane. (c) Arterioles and
venules have an increased coverage of mural cells compared with capillaries. (d) The walls of larger vessels
consist of three specialized layers: an intima composed of endothelial cells, a media of SMCs, and an
adventitia of fibroblasts, together with matrix and elastic laminae. (Adapted from: Jain, Nat Med 2003 [63])
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= Structure of Arterioles, Capillaries, and Venules

Arterial and venous parts of the smallest blood vessels can be distinguished by ultrastruc-
tural characteristics that are observed in scanning and transmission electron microscopy
(SEM and TEM) (B Fig. 1.5a): Arterioles have an outer diameter of 10-12 pm and a tube
diameter of 4-6 pm. They are characterized by a homogeneous basement membrane
forming a lamina [64, 65], which builds a continuous sheet in larger arterioles and arter-
ies. There are seen elastic fibers, bundles, and filaments extending into the tissue, fulfilling
anchoring functions. Capillaries are closely enveloped by vascular smooth muscle cells
(vVSMCs), which confer contractile action. Especially at the site of arteriole-capillary tran-
sition, they are forming so-called precapillary sphincters, a kind of tiny circular muscle
structure that controls vessel lumen and, hence, blood flow. The finest blood capillaries
form delicate structures that represent the site of substance exchange with the surround-
ing tissue (oxygen, nutrition). They are built by a single endothelial cell layer disposing of
a thin basement membrane, and they have narrow and regular lumina (8 Fig. 1.5b).
Capillary walls have a thickness of 0.1-0.3 pm, which is more prominent in the dermis
(2-3 pm). The following postcapillary venules can be morphologically distinguished from
the arterioles by a multilaminated basement membrane, pericytes, and so-called bridged
fenestrations [66-68]. The finest tubes measure about 20 pm or less in diameter. They are
turning into valve-containing venules with a diameter of 25-50 pm and later collecting
veins, which have a diameter of 70-120 pm. Half-moon-shaped valves are inserted in
order to prevent reverse blood flow. As venules became wider, elastic fibers emerge below
the vSMC layer, and then become more and more prominent [69].

= Structure of Arteries and Veins

Larger blood vessels are organized in three distinct layers (8 Fig. 1.5b): the inner endothe-
lial cell layer forms the tunica intima, which is seen in arteries as a continuous and smooth
cell lining, while veins in addition dispose of valves. They are surrounded by the tunica
media, an elastin sheet that is covered by vSMCs, followed by the outer tunica externa or
tunica adventitia, which consists of fibrous connective tissue. In arteries, the tunica media
is more prominent than the tunica externa, because there are more vSMCs located as the
driving forces to change vessel diameter during blood pumping.

Box 1.2 Blood Capillaries

= Morphology: regular shape, clearly rounded, interendothelial tight junctions, closed
vessel walls

== Basement membrane: continuous basal lamina formed by laminated extracellular matrix

deposition

Supporting structures: pericytes (PCs) and vascular smooth muscle cells (vSMCs)

Dimensions: arterioles 5-6 pm, venules 15-20 pm diameter, capillary wall thickness 0.1-0.3 pm

== Role: nutrient, oxygen, and material transport to and from tissue

1.2.4 Lymphatic Vessel Morphology

m Lymphatic Vessel Anatomy and Structure

Lymphatic vessels are present in all vertebrates; they are found fully developed the first time
in amphibians [70]. The lymphatic system not only consists of lymphatic vessels but also of
the lymphoid organs as there are the spleen, lymph nodes, tonsils, payer’s batches, and the
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thymus, which are essential for properly working immune response [9]. Lymphatic vessels
are found throughout the body, except for the brain and central nervous system (CNS), and
avascular or poorly vascularized tissues like cornea, cartilage and bone, muscle endomy-
sium (i.e., muscle fiber sheath), and the epidermis. Instead, these dispose of interstitial
channels, so-called pre-lymphatics. Conversely, particularly in the dermis, mesenterium,
and breast, which are in high need of interstitial fluid drainage, lymphatic vessels density is
very high [71]. Lymphatic capillaries build a very dense network, so-called lymphatic areo-
las. In adults, there are five different types of morphologically distinct vessel types forming
the lymphatic vasculature: lymphatic capillaries, lymphatic collectors, lymph nodes, lym-
phatic trunks, and lymphatic ducts, having diameter ranges between 10 pm and 2 mm [11].
The lymphatic vascular system is not continuous like the blood vasculature: initial capillar-
ies, also named peripheral or small lymphatic capillaries, emerge blind-ended within the
tissue periphery. These capillaries enlarge to lymphatic vessels, followed by collecting lym-
phatic vessels, collecting ducts, and finally forming lymphatic trunks.

= Structure of Initial Lymphatic Capillaries

By using ultrastructural analyses, a morphology highly distinct from that in blood capillaries
is observed [72]: Lymphatic capillaries have an irregular lumen diameter ranging between 10
and 75 pm, when filled with liquid, and have approximately 100-500 pm length. A basement
membrane is usually absent or discontinuous, and if present, poor and tenuously developed
[73-75]. Lymphatic capillaries are not surrounded by supporting cells such as pericytes and
smooth muscle cells [5]. They have irregular shape, are slightly larger than blood capillaries,
and are often seen rather flattened or collapsed. They are lined by a single layer of lymphatic
endothelial cells (LECs) that are more bulky than BECs. LECs show strong membrane expres-
sion of CD31, podoplanin, and Lyve-1. LECs are also more irregular, revealing projections
reaching either into the capillary lumen or on the ablumenal side directly into the connective
tissue, creating openings between the LECs. This is due to elastin filaments that help to tear at
the LECs forming interendothelial gaps to the surrounding connective tissue (B Fig. 1.6a).
These anchoring filaments, 4-10 nm in diameter, are essentially composed of glycoproteins
emilin-1 and fibrillin [76, 77] and link the basal lamina with collagen fibers of the connective
tissue [73, 74]. They are stabilizing the lymphatic capillaries against the interstitial pressure
and confer the opening process during substance uptake (8 Fig. 1.6b). The intercellular junc-
tions in this lymphatic compartment are weak, and lymphatic capillaries have no continuous
and tight interendothelial junctions. Where LECs attach at each other, they only dispose of
hemidesmosome-like structures, but no tight junctions. Rather, there are openings between
LECs and the surrounding connective tissue which support collection of lymph fluid. These
opening gaps and structures confer permeability and enable the uptake of interstitial fluid.
Inside LECs, small and smooth vesicle and larger phagocytic vesicles can be observed.

= Structure of Collecting Lymphatics

The following larger lymphatic vessels, so-called lymphatic collectors or collecting lym-
phatics, show additional features: A basement membrane is becoming more prominent,
the intercellular junctions are more closed and form tight regions, and the walls are
covered by pericytes, vSMCs, collagen, and elastic fibers. In addition, they dispose of
bileaflet valves [5, 9, 78], which prevent backflow of lymph fluid. Important regulators
of valve development are Foxc2 and NFATc1 [79, 80], and their formation involves inte-
grin a9, fibronectin EIITA, and laminin o5 [81]. The task of collecting vessels is to take
up interstitial material, even against low surrounding interstitial pressure.
Macromolecules are retained due to size exclusion by the closed junctions, and trans-
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B Fig. 1.6 Morphology of lymphatic vessels. a Principle of fluid and substance exchange between blood
and lymphatic vessels. (From: Jones et al., Nat Rev Mol Cell Biol 2001 [9]). b Representation of lymphatic
capillaries and collecting vessels in human skin. (Adapted from: Oliver, Nat Rev Immunol 2004 [10]. c From
the capillaries lymph moves to precollectors and on to collecting vessels, directed by changes in interstitial
fluid pressure and the negative pressure within the lymphatic vascular system. Lymph finally reaches the
venous system via the thoracic duct or the right lymphatic duct that connect with the subclavian veins at
the venous angles. (From: Tammela + Alitalo, Cell 2010 [54])
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B Table 1.1 Structural differences of blood capillaries, lymphatic capillaries, and collecting LVs

Feature

Vessel Lumina

Blood capillaries

Regular, narrow

Lymphatic
capillaries

Irregular, wide

Collecting
lymphatic vessels

Circular, wide

Endothelial cells Abundant Scant cytoplasm -
cytoplasm
Cell-cell junctions Adherens Loose, valve-like -
junctions overlaps
Tight junctions Present Absent Present
Valves Absent Absent Present
Membrane invaginations and Scant Abundant -
cytoplasmic vesicles
Basement membrane Present Absent Present, but thinner
Anchoring filaments Absent Present Absent
Encycling pericytes Present Absent Present
Blood Present Usually absent Usually absent

Based on data from [72, 82-84]

cellular vesicle transport occurs, but is very slow. Only micromolecules can pass closed
junctions and might reenter tissue and later blood vessels by other means. The contrac-
tility of the vSMCs is important to propulse lymph, whereas the valves prevent its back-
flow [54]. The region between two lymphatic valves is called lymphangion [52], each of
which is a contractile compartment pumping lymph into the next one. Periodic con-
tractions of these vessel segments by vSMCs, muscle tone, respiration, and blood pulse
confer material transmission, which is passing the lymph nodes. Lymphatic vessels are
connected to the lymph nodes via afferent lymphatic vessels that arrive at the lymph
node capsule, and lymph leaves the lymph node via efferent vessels that are located
centrally, providing efficient flow through and filtering (8 Figs. 1.4b and 1.6¢). In func-
tional lymphatic vessels, which have separated regularly from blood vessels, no blood
can be found intraluminally.

Collecting lymphatic vessels assemble to the five principal main lymphatic trunks: the
lumbal, the intestinal, the bronchomediastinal, the subclavian, and the jugular lymphatic
trunks. These pass the lymph into the right and the left thoracic ducts (8 Fig. 1.6¢), which
are the final and largest lymphatic vessels. The right thoracic duct or ductus lymphaticus
dexter drains lymph from the upper right body region into the right subclavian vein. The
main LV is the left thoracic duct which drains the lymph fluid from the whole body and
transports it back to the blood vasculature via the left subclavian vein [52, 71]. Except for
these two sites where lymph enters the venous bloodstream, no connections between
blood and lymphatic vascular system exist (8 Table 1.1).
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0 Questions
1. What s a reliable and important marker for blood vasculature?
2. Why is observation and handling of lymphatic vessels hardly preserved in
histology?
3. What are important specific ymphovascular markers?
4. Where do lymphatic vessels start to form?
5. What are the final connections of the lymphatic system to the blood vasculature?

Box 1.3 Lymphatic Capillaries

= Morphology: irregular shape, rather collapsed, thin-walled, interendothelial gaps, open
lumina bigger than blood capillaries

Basement membrane: tenuous and discontinuous basal lamina

Supporting structures: anchoring fibers, no pericytes (PCs)

Dimensions: 15-75 pm diameter when filled, usually flattened, 100-500 pm length
Role: opening to the adjacent connective tissue, material removal from tissue.

1.3 Blood and Lymphatic Vessel Function

Blood and lymphatic vasculature serve separate functions. Blood vessels provide all
regions of the organism with fluid, nutrients, and immune cells, whereas the lymphatic
system accomplishes the removal of excess interstitial fluid, proteins, particles, and cells
that have leaked into the tissues. The two vascular systems control important events of
liquid homeostasis and vasoactive processes in higher organisms and are also key regula-
tors in the traffic of immune and tumor cells across the vessel walls. The endothelium is
the essential membrane barrier that is the interface for fluids and molecular and cellular
components circulating between blood, tissue, and lymph. It is formed by blood and lym-
phatic endothelial cells (BECs and LECs) that build a continuous cell monolayer of varying
shape and permeability and constitute the actual interface between blood, lymph, and
tissue of all organs and entities of the body. BECs and LECs are polarized cells with two
different liquid-facing membranes that bear compartment-specific surface molecules and
secrete particular substances, which specialize them for respective functions [39].

Arteries deliver oxygenated blood to the capillaries where exchange occurs between

blood and tissues.

Veins collect deoxygenated blood and carry it back to the heart.

Because of the blood pressure, blood plasma continuously leaks from the

capillaries.

Tissue fluid is returned by the veins and the lymphatic vessels back to the

circulation.

1.3.1 Blood Vessel Function

Blood vessels fulfill oxygen transport to all regions of the body and provide nutrients and
immune cells to the organism [6]. Besides substance exchange, blood vessels are essential
for body fluid homeostasis and are directly involved in the regulation of blood pressure
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and blood flow by secreting appropriate vasoactive mediators. They influence hemostasis
(blood coagulation) by providing pro- or antithrombotic components on their surface and
are involved in inflammatory responses. Blood itself provides the body with nutrients,
oxygen, and cells, leads to temperature regulation, and is involved in wound healing
through hemostasis. Within the bloodstream, body fluid flows rapidly and with high pres-
sure as a plasma suspension containing erythrocytes, whereas outside the bloodstream, it
circulates slowly and with low pressure as tissue fluid. The finest blood capillaries confer
exchange of transported substances with the interstitial compartment through their thin
and highly permeable walls.

Blood vessel volume The blood vasculature comprises an overall intravasal volume of
approximately 4-5 1, 60-70% of which is contained within the venous system. This volume
overhang, under concomitant low blood flow and pressure in the veins, stabilizes the circula-
tion. The overall filtration rate of the blood capillaries is roughly 20 liters of fluid per day,
which is pumped by the arteries into the tissue and has to become reabsorbed from the
interstitial space in order to maintain body fluid homeostasis. Veins contain approx. 90% of
this filtrate (i.e., 18 liters per day), while the lymphatic system takes up the remaining 10%
(approx. 2 liters per day). Venous activity and transport back to the heart is triggered by valve
activity, skeletal muscle contractions, contraction of the diaphragm, and arterial pulsing.

= Blood Capillary Permeability and Substance Filtration

Capillaries and postcapillary venules are highly branched, generating a huge exchange
surface. They have a diameter of 20 pm or less to permit close contact between the plasma
and the interstitial space, and they have a semipermeable membrane wall. These proper-
ties enable the extravasation of fluid and substances from blood to the interstitium. Small
molecules like H,O, O,, CO,, ethanol, electrolytes, and urea are able to diffuse freely
through the endothelial walls. These substances are transferred to the interstitial space by
passive transport through channels and pores. Most water leakage occurs in capillaries or
postcapillary venules, which have a semipermeable membrane wall that allows water to
pass more freely than protein [85]. This is more difficult for organic molecules such as
glucose, which need specific carrier proteins, and impossible for proteins, e.g., albumin,
and erythrocytes. Blood endothelial surface structures are directly involved in this filter-
ing function: In electron microscopy, it can be seen that their inner (luminal) side is cov-
ered with a glycocalyx, a layer of macromolecules and glycoproteins, which has a
considerable thickness of 0.5-1 pm. This barrier reduces plasma flow and excludes mac-
romolecules and red blood cells to permeate the endothelium [86, 87]. In addition, there
are transendothelial mechanisms such as pinocytosis and transcytosis, which is active
uptake of fluid containing solutes and proteins by specialized vesicles, to confer the spe-
cific transport of substances into the interstitial space.

= Blood Capillary Physics of Substance Exchange

Overall, the generation of interstitial fluid and its resorption back into the venous circula-
tion is regulated by driving forces that are described by the Starling equation [88]. The
physiologist Ernest Starling (1866-1927) understood how it is possible that the isotonic
solution of extravascular fluid is drawn back into the bloodstream. Essentially, a high
hydrostatic pressure within arterial blood vessels generated by the pulse causes water to
diffuse out into the tissue and drives filtration of small molecules, but not plasma proteins,
which remain in the capillaries. This leads to a difference in protein concentration (i.e.,
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osmotic pressure) between blood plasma and interstitial tissue. As a result, the higher
osmotic pressure generated by protein retained in the plasma tends to draw water back
into the venules from the tissue [85, 89].

= Regulation of Blood Perfusion by Blood Flow

Essentially, the velocity and amount of blood flow will contribute to tissue perfusion and
according filtration rate. Organ perfusion by blood and body fluid volume is regulated by
vasoconstriction and vasodilation, which are controlled by neuronal, hormonal, and local
stimuli. These blood pressure-regulating mechanisms operate at the level of the small vessels
to ensure constant equilibrium of interstitial versus intravasal fluid [85]. Under physiological
conditions, capillary blood flow is modulated [1] at tissue level by the activity of muscle and
vSMCs, [2] at vascular level by the bloodstream, and [3] at an excitatory level by the nervous
system. There are sensors along the vasculature that control blood pressure status and con-
stantly monitor actual needs. Endothelial cells sense changes in hemodynamic forces and
blood-borne signals and respond by immediate release of locally produced vasoactive sub-
stances [90, 91]. This is then transferred into the direct regulation of vessel diameter to bal-
ance blood perfusion.

= Vasoconstriction and Vasodilation: Blood Pressure Regulation

Adaptations of vessel diameter are essential to regulate blood pressure. Abnormally raised
blood pressure will induce vasoconstriction that is characterized by a reduced vessel diam-
eter, which leads to enhanced flow resistance and reduced blood perfusion. This can be
mediated in a fast reaction by nervus sympathicus excitation and in a more delayed man-
ner by humoral influence of adrenaline, noradrenaline, or angiotensin II. Finally, local
factors like enhanced ATP consumption and lowered O, levels (muscle work) can be
active. Conversely, low blood pressure will be counteracted by vasodilation or vasorelax-
ation that leads to enhanced vessel diameter to promote smooth muscle relaxation, which
is accompanied by reduced flow resistance and enhanced blood perfusion.

»  Hemostasis: Blood Coagulation and Thrombus Resolution
Blood endothelial cells (BECs) actively mediate anticoagulation in order to maintain
blood fluidity and prevent vascular occlusion: They have two important anticoagulant
systems, the heparan sulfate-antithrombin system and the thrombomodulin-protein C
system. Under physiological conditions, these two systems inhibit activation of coagula-
tion on BECs. Under inflammatory condition, TNF-alpha or other cytokines produced by
monocytes reduce the anticoagulant properties of endothelial cells by downregulating
expression of heparan sulfate and thrombomodulin [92], which might lead to thrombosis.
Injuries can lead to undesirable vessel leakage and blood loss, which has to be inter-
rupted. Bleeding usually depends on the number of injured vessels and the rate at which
blood is supplied to them, that is, on the degree of tissue perfusion (hyperemia or isch-
emia). However, bleeding normally retards and stops spontaneously within a few minutes
by blood coagulation. This hemostatic mechanism is highly effective: A primary reaction
leads to vessel closure by thrombocytes (white clot), while in a secondary reaction, the fac-
tor thrombin catalyzes fibrin formation from fibrinogen, which leads to the formation of a
red thrombus. Conversely, thrombi have to be resolved over time to prevent vessel clog-
ging. The reverse process of thrombus formation is fibrinolysis, the enzymatic resolution
of a thrombus. Plasmin, which is derived from plasminogen, leads to fibrin degradation
and clot resolution.
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= Blood Vessels in Inflammation

Inflammation, the response against damage and danger of the tissue, essentially affects the
blood vasculature, as it provides the route for its relief. In order to enable the outflow of
fluid, proteins, and leukocytes to the injured tissue site, vessel permeability is increased by
pro-inflammatory cytokines. At the same time, blood flow is unusually enhanced in the
arterial vessel compartment, which is due to changes in both, vessel diameter and perme-
ability. The accumulation of fluid outside the blood vessels is called edema, and this fluid
loss results in extremely low blood flow in the venous compartment that results in an
increase of blood viscosity, concentration of the blood, erythrocyte aggregation, and even-
tually even fluid stasis. During an inflammatory immune reaction, leukocytes change
expression of their surface molecules. Via upregulation of integrins (CD11/CD18, VLA-
4), they firmly stick to adhesion molecules (VCAM-1, ICAM-1) present on blood endothe-
lium and emigrate across the basement membrane of small vessels to reach the site of
inflammation. Although painful and unpleasant (redness, heat, swelling, pain), overall,
these processes drive elimination of infections and wound healing.

= New Blood Vessel Growth: Angiogenesis

At homeostasis, blood endothelial cells (BECs) and vascular smooth muscle cells (vSMCs)
are fully differentiated and have a very low proliferative index. Angiogenesis, the process
of new blood vessel formation, is an integral part of development and wound repair [93].
In this process, fully differentiated BECs and vSMCs regain proliferative properties,
divide, and newly form capillary structures. In addition, this process of neovasculariza-
tion is supported by the incorporation of circulating endothelial precursor cells (EPCs)
into growing blood vessels. Physiological angiogenesis takes place during wound healing,
female reproductive cycle and pregnancy, and neovascularization, while pathological
angiogenesis is found during persistent inflammatory conditions, retinopathies (macular
degeneration or diabetes-associated retinopathy), and tumor growth. On the contrary,
ischemic regions that are in need of blood supply might arise due to a lack of proper
angiogenic activity.

@ Questions
6. What is the approximate tissue fluid filtrate amount per day?
7. What is the interstitial fluid uptake rate of venules versus lymphatic vessels?
8. What are the three key regulators of blood flow?

Box 1.4 Blood Vasculature Functions

= Transport of tissue fluid and cells throughout the body

== Substance filtration: Exchange of nutrients, ions, oxygen, etc.

= Uptake and evacuation of tissue fluid and remnant substances by the venous system
== Regulation of the body temperature, blood pressure, wound healing

= Modulation of the immune system

1.3.2 Lymphatic Vessel Function

The principal function of the lymphatic system is the removal of particles, macromole-
cules, and excess fluid from the interstitial space and its return to the blood (8 Fig. 1.7a).
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@ Fig. 1.7 Lymphatic vessel functioning: Interstitial fluid uptake by lymphatic capillary. a Interstitial
fluid, macromolecules, and cells enter lymphatic capillaries through interendothelial openings.
Lymphatic capillaries are stabilized by anchoring filaments. (From: Alitalo et al., Nature 2005 [5]). b
Mechanism of interstitial tissue fluid uptake by lymphatic capillaries: During tissue compression,
filaments are relaxed and junctions close. During high interstitial pressure, filaments are strained and
junctions open. (From: Tammela & Alitalo, Cell 2010). ¢ Lymphatic capillaries are sealed when the vessel is
filled: Shown is the blind end of a lymphatic capillary in a whole-mount preparation of the mouse ear
skin. Lymphatic vessel hyaluronan receptor-1 (Lyve-1) immunostaining (green) shows the oak-leaf-
shaped lymphatic endothelial cells (LECs). (Adapted from: Tammela & Alitalo, Cell 2010 [54])

Lymphatic vessels collect extravasated tissue fluid, filter it through lymph nodes, and
return it to the circulation through the thoracic and lymphatic ducts to the venous system.
Tissue fluid, plasma components, infectious agents such as bacteria, and extravasated
white blood cells enter the lymphatic vessels through openings/intercellular gaps.
Therefore, it forms a highly branched network of blind-ended, thin-walled lymphatic cap-
illaries and lymphatic collectors which drain tissue fluid (lymph) from the tissues and
transport it back via the thoracic duct into the venous blood circulation.

Hence, lymphatic vessels play an important part in maintaining body fluid homeosta-
sis. In addition, lymphatic vessels are involved in absorbing lipids or dietary fats from the
intestinal tract. Moreover, lymphatic vessels are an integral part of the immune system and
fulfill immunological tasks like the transport of antigen-presenting cells (APCs) and white
blood cells to lymph nodes and lymphoid organs (spleen, tonsils, thymus) [10, 94].

Lymph capillaries show no basement membrane and no pericytes.

Lymph capillaries drain almost all body sites.

Collecting lymphatic vessels transport lymph fluid.

Lymph is the residuum of the blood capillary filtrate.
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= Interstitial Fluid Uptake and Lymph Formation

Lymphatic vessels are linked to the extracellular matrix by anchoring filaments, which stabi-
lize the opening gaps/junctions between LECs and prevent lymphatic vessel collapse in con-
ditions of high interstitial pressure. These are the primary sites of uptake of components that
are too huge for blood capillaries, which are bacteria, cells, immune cells, macromolecules,
and lipid particles. Also huge particles like carbon particles (dust), infectious agents (bacte-
ria), lipid droplets, and tumor cells are transported. Closed junctions between LECs allow
for the passage of ions and small molecules (~ 40 kDa) up to approximately 500 kDa. Besides
uptake into capillaries between the LECs, also transcytosis and vesicular transport have
been observed. The intercellular opening gaps provide entry of high molecular weight mate-
rial. Selectivity of the lymphatic uptake is conferred by restricted diffusion, steric hindrance,
molecular size and dimensions, and finally surface charges and lipophilicity. It was shown
that molecules with a size up to 1 um can enter lymphatics freely [95]. Moreover, cancer
drugs enter lymphatic circulation much faster as in form of colloids than as solutes [96], and
lipids show higher uptake rates than hydrophilic substances [97]. Concerning the transit
time, macromolecules and extracellular vesicles show long removal times. Chylomicrons
are taken up and transported fast, while huge phagocytic vesicles show slow passage.

Lymph fluid contents The fluid that has been collected by the initial lymphatics that con-
tains solubilized substances (lipids, plasma components), extracellular particles (bacteria,
vesicles), and cells is called lymph. It is the remnant of interstitial fluid, but in comparison to
plasma, it has higher water and lower protein and glucose content. Lymph contains electro-
lytes, proteins (less than in plasma), lipids (chylomicrons), leukocytes, microorganisms and
pathogens, and tumor cells. As it contains proteins and lipids, it is a milky suspension. In
healthy lymphatic vessels, there are no erythrocytes present.

»  Mechanism of Lymph Drainage

Lymph transport is a one-way system, yet working without active pumps in the initial
collectors. Lymphatic capillaries have low intraluminal pressure and very low lymph flow.
Lymph formation is dependent on interstitial tissue pressure and tightness of the extracel-
lular matrix [11]. Fluid uptake is performed during tissue relaxation and concomitant
strain of the anchoring filaments, which provides a filling phase via the opening junctions
(B Fig. 1.7b). Again, the rate of uptake can be described by the Starling equation and is
mainly a result of diffusion and filtration and dependent on hydrostatic and oncotic forces,
the so-called Starling forces [98]. Normally, all forces together lead to a diffusion or filtra-
tion rate of 2 liters of interstitial fluid by the lymphatic vessels per day, most of which is
taken up by blind-ended lymphatic capillaries. This comprises ten percent of the blood
capillary filtrate. More recently, an alternative model has been presented, where in addi-
tion to the Starling forces, interstitial pressure forces are considered. When these are taken
into account, the lymphatic vessel absorption rate would increase substantially [99]. Slow
backflow into the tissue prevents loss of material. However, probably there is some dilu-
tion effect of proteins during passage along the vessels. Basically, lymph fluid is trans-
ported against a higher hydrostatic pressure and protein concentration present in the
interstitial space. Transport is provided by muscle contractions or by enhanced pressure
through the surrounding tissue. The net flow rate of lymph is approximately 100-500
times less than that of blood [11].
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= Lymph Transport and Return to Blood
Lymph is transported by passive and active mechanisms [100]. The passive lymph pump
is dependent on forces acting by the surrounding tissue, e.g., skeletal muscle and cardiac
contraction and respiratory or gastrointestinal peristaltic pressure. This is mainly relevant
for lymph capillaries due to the lack of surrounding vascular smooth muscle cells
(VSMCs). Tissue compression leads to relaxation of the anchoring filaments, upon which
the valve-like junctions are closed, and forced by vessel compression, lymph fluid passes
on (@ Fig. 1.7b). From the capillaries, lymph moves to lymphatic precollectors and on to
collecting ducts, which is conferred by changes in interstitial fluid pressure and by the
negative pressure within the lymphatic vascular system. Active lymph pumps (intrinsic
forces) are present in larger collecting ducts, which is the contractility of the surrounding
vSMC layer and support by lymphatic valves, which prevent backflow. The lymphatic ves-
sel part between two valves is called the lymphangion. Lymph propulsion is mediated
there by regular contractions of vSMCs with an approximate frequency of 10-12 contrac-
tions per minute and supported by systemic forces like respiration [101] and blood pres-
sure [102]. In addition, lymph transport might be extrinsically enhanced by exercise [103]
and massage [104].

Finally, lymph is transported back to the blood vasculature by the left and right tho-
racic ducts.

= Lymph Node Filtration

Afferent lymphatic vessels are intercalated by a multitude of lymph nodes (LNs). Lymph is
filtered when passing through them from the outer capsule (afferent lymphatic vessels) to
inside, leaving on the opposite side via the efferent lymphatic vessel. During passage, for-
eign antigens are taken up and presented by antigen-presenting cells (APCs) to initiate a
specific immune reaction. Other deposited material is cells, including circulating leuko-
cytes and tumor cells [105]. Pollutants get caught in lymph nodes due to macrophage
uptake that leads to characteristic dark coloration, the so-called anthracotic pigmentation.
Such dark colored LNs can be traced prominently in the head and neck region and around
the trachea, where high amounts of dirt particles are filtered out from the interstitial space.

m Intestinal Lipid Uptake and Transport

Another important function of lymphatic vessels is the absorption and transport of fat
and free fatty acids (FFAs) from the intestine [5, 106]. Lacteals, specialized and blind-
ended lymphatics in the center of each villus (= intestinal projections), are crucial for the
uptake of dietary lipids packed as large lipoprotein particles, so-called chylomicrons [82].
The lymph retrieved from the intestine is designated as chyle, a milky, FFA, and
chylomicron-rich fluid. Chylomicrons and lipoproteins are passing through many open
junctions and are immediately pumped further, which prevent backflow. Both are also
seen entering the lymphatic endothelial cells and lying inside them, in caveolae and vesi-
cles [107]. It is not known whether lymphatic vessels can actively influence and regulate
lipid uptake and transport into the lacteals. However, there seems to exist a close crosstalk
between lymphatic vessels with the intestine on one hand and with the adipose tissue on
the other regulated by gut hormones, adipokines, and/or lipids themselves. Recently, an
in vitro model of the enterocyte-lacteal interface using differentiated LECs and intestinal
Caco-2 cells was established [108]. By using a fluorescently labeled fatty acid, it was shown
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that its transport is polarized from the enterocytes to the lymphatic vessels through both,
transcellular and paracellular pathways. This model highlights not only the importance of
lymphatics for lipid uptake but provides an interesting tool for evaluating drug delivery
from the intestine into the circulation.

= Lymphatic Vessels and Adipose Tissue

There is increasing evidence that there is a close relationship between lymphatic func-
tion, lipid metabolism, and adipogenesis [109, 110]: Lymph nodes and lymphatic ves-
sels are often surrounded by adipose tissue [110, 111], and lymphatic vessel-adjacent
adipocytes respond to local immune reactions by increasing lipolysis [112, 113].
Strikingly, lymph node development is necessary for development of associated lymph
node fat pads and vice versa [114]. However, to what extent lymph vasculature regulates
lipid metabolism and adipose tissue formation is still speculative and needs to be fur-
ther clarified. Especially, knowing the regulation of uptake and transport of adipogenic
factors from and to the adipose tissue or from the gut would be of eminent importance
to evaluate potential contributions of lymphatics to conditions like lymphedema and
obesity.

= Interaction with Immune Cells and Immune Control Function

Lymphatic functioning comprises important tasks in inflammation, infection, and trans-
port of immune cells. During the acute phase of inflammation, lymphatic vessels serve as
principal conduits for antigen-presenting cells (APCs) to reach regional lymph nodes and
to educate immune cells by presenting foreign antigens. Their migration is regulated via
specific chemotactic mechanisms: Dendritic cells (DCs) express chemokine C-C motif
chemokine receptor 7 (CCR7), which binds to C-C motif chemokine ligand 21 (CCL21)
secreted by LECs [115, 116]. CCR10-positive T-lymphocytes are especially attracted by a
subpopulation of collecting lymphatic vessels expressing high levels of CCL27, but low
levels of podoplanin [117]. Moreover, expression of macrophage-mannose receptor 1
(MMR-1) [118, 119] and common lymphatic endothelial and vascular endothelial recep-
tor-1 (CLEVER-1) [120, 121] regulate lymphocyte trafficking in lymphatic vessels. Toll-
like receptor 4 (TLR4) is highly expressed on the surface of LECs and the main mediator
of LPS-induced activation of NFkB (nuclear factor “kappa-light-chain-enhancer” of acti-
vated B cells) during inflammation. Via this signaling pathway, various chemokines such
as CCL2, CCL5, and CX3CLI are released, which contribute to subsequent chemotaxis of
macrophages toward sites of inflammation [122]. These release TNF-a that stimulates the
expression of the leukocyte adhesion molecules intercellular adhesion molecule 1 (ICAM-
1), vascular cell adhesion molecule 1 (VCAM-1), and E-selectin (SELE) on LECs, which
in turn stimulate DC adhesion and transmigration [123]. Further, lymphatic vessels take
part in the clearance of leukocytes from sites of inflammation [54]. However, detailed
knowledge on the specific interaction mechanisms of different immune cell types with the
lymphatic endothelium is still sparse.

9 Questions
9. Whatis lymph fluid?
10. How are the smallest lymphatic capillaries opening and closing?
11. What prevents backflow of lymph fluid in collecting lymphatic vessels?
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Box 1.5 Lymphatic Vessel Permeability and Substance Uptake

= Transport phase - closed gaps: during tissue compression and low interstitial pressure
anchoring, filaments relaxed and junctions closed passage of ions and small molecules,
cutoff at 500 kDa

= Filling phase — open gaps: during tissue relaxation, high interstitial pressure, and edema
anchoring, filaments strained and junctions open passage of high molecular weight
material (blood constituents, cells, etc.)

= Direct passage via gaps: only in severely injured lymphatic vessels

1.4 Blood and Lymphatic Vessel Pathology

Dysfunction or malfunction of the vascular systems contributes to the pathogenesis of
many diseases [5, 63, 124, 125]. A range of distinct molecular equipments has been identi-
fied, which indicate the functional specifications of blood and lymphatic vessels [54] and
have helped to elucidate pathological conditions. While the blood vessel system has been
in the center of interest during recent years, the lymphatic system now also is emerging as
a crucial player in diseases ranging from cancer to inflammatory processes. Its role in
tumor spread, asthma, transplant rejection, or lymphedema is attracting now more atten-
tion [4]. Unphysiologic changes occur on all levels of the aforementioned functions: func-
tional insufficiency, including altered body liquid homeostasis, chronic vessel damages,
inflammatory conditions, systemic diseases such as consequences of metabolic derail-
ments, and finally aberrant vessel growth. Because of the contribution of BEC and LEC
proliferation to the pathogenesis of several diseases, including cancer and cardiovascular
disease, considerable effort has been devoted to particularly elucidate the mechanisms
that regulate cell cycle progression and growth in these cell types.

Box 1.6 Importance of Vascular Markers

= |nsights into lymph—/angiogenesis: Understanding of vasculature development
= New imaging techniques: Visualization and understanding of diseases

= Novel lympho—/vascular markers: Improvement of diagnosis and treatment

1.4.1 Blood Vessels in Disease

The pathogenesis of vascular complications is complex but well studied in blood vessels.
Several diseases essentially affect the smallest blood capillaries in their physiology, as these
are mainly exposed to changes of blood flow and composition. Constant disturbance of
these delicate homeostatic mechanisms over time leads to endothelial dysfunction, which
presents with excessive matrix production, abnormal vasoconstriction, increased vessel
permeability, platelet activation, low-density lipoprotein (LDL) oxidation and deposition,
but also vascular smooth muscle cell proliferation and migration.
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= Disturbed Blood Capillary Permeability and Edema

Disturbed equilibrium of body liquid homeostasis leads to shifts in fluid distribution
within body compartments. The accumulation of tissue fluid reduces hydrostatic pressure
difference until edema appears.

Blood vessel leakage and consecutive liquid accumulation within the interstitial tissue
compartment is called edema, and this can be caused by all components involved in body
fluid circulation: blood and blood vessels, the tissue itself, and the lymphatic system. These
liquid shifts arise due to altered hydrostatic or osmotic pressure gradients, enhanced per-
meability for fluid, and/or water-retaining capabilities of the involved compartments.

= Disturbed Blood Pressure

Hypertension (HT) is a condition in which the blood pressure in the arteries is persistently
elevated due to increased blood vessel resistance or vascular damage [126]. Long-term
high blood pressure is a major risk factor for consecutive vessel diseases that are nowadays
the main death cause in Western countries: these are coronary artery disease, stroke, heart
failure, atrial fibrillation, peripheral vascular disease, vision loss, chronic kidney disease,
and dementia [127-129]. Nearly all incidences are provoked by careless lifestyle habits,
such as salty diet, overweight, smoking, and alcohol abuse. Only a small portion of patients
suffer from a clear defined disease that is associated with high blood pressure, such as
kidney diseases or endocrine dysfunctions. The disease mechanisms can be assigned to
disturbances in the systems that control vasodilation and vasorelaxation, such as abnor-
malities of the renal renin-angiotensin [130] or of the sympathetic nervous system [131].
Hypotension: On the contrary, blood pressure can also be dangerously lowered. Low blood
pressure can be caused by low blood volume, hormonal changes, widening of blood ves-
sels, medicine side effects, anemia, and heart or endocrine problems. Severely low blood
pressure leads to lack of oxygen and nutrients in the brain and organs, which induces the
condition called shock.

= Disturbed Blood Flow and Vessel Perfusion

Peripheral arterial occlusive disease (PAOD) describes a narrowing of arteries in the
periphery of the body, which are not those that supply the heart or the brain. The burden
of consecutive emergence of health risks, including atrial fibrillation (AF), and the associ-
ated necessary healthcare is increasing [132].

Aneurysms are caused by weakened blood vessel walls, which may be a result of a
hereditary condition or an acquired disease. It is an unusual dilation of a vessel due to
weakness of the vessel wall and the surrounding connective tissue, which later can also be
the starting point for clot formation (thrombosis) and embolization. In worst case, a life-
threatening vessel rupture causing lethal inner bleedings can occur.

Raynaud syndrome is characterized by spontaneous vasoconstriction of (vasospasms)
that lead to sudden and painful paling of fingers and toes, because the organism tempts to
minimize heat loss when exposed to cold. Underlying cause is an unphysiologic activation
of the sympathetic system that causes exaggerated vessel constriction of the arterioles in
order to store warm blood remote of the body surface within the deep veins.

Venous diseases: Chronic venous insufficiency (CVI) is characterized by venous valve
insufficiency of superficial and deep veins, especially in the lower limbs, which leads to
blood retention and increased blood pressure in the venous system [133]. This cannot be
properly counterbalanced by muscle contractions that normally lead to reduction of
venous pressure. Over time, the excessive blood filling causes swollen legs, pain, and skin
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alterations. On the long term, complications such as varicose veins, ulcers, and hemor-
rhoids manifest. This disease may not be confused with deep vein thrombosis (DVT), in
which the valves of deep veins have been damaged by a previous event of embolism or
detachment of a blood clot [134].

m Disturbed Blood Coagulation

Hemophilia is the tendency to develop enhanced bleedings and hematomas. It is a genetic
disorder that leads to altered levels of factors of the blood clotting cascade, which reduces the
ability to coagulate [135]. There are two main types of hemophilia: hemophilia A, due to
reduced clotting factor VIII, and hemophilia B, which is caused by reduced clotting factor IX.

Thrombophilia, on the contrary, is the increased disposition to have blood clotting
caused by enhanced blood coagulation. This highly enhances the risk of thrombotic
events, the emergence of blood clots in blood vessels such as deep vein thrombosis in the
legs [136, 137].

Thrombosis describes the process of abnormal thrombus (= blood clot) formation
within vessels that occurs as a consequence of alterations of the endothelial cell layer,
reduced blood flow, or unphysiological blood composition [138]. It is also induced by
vessel wall abnormalities such as deposits (plaques), fissures, and dilations (aneurysms).
Thrombosis occurs during onset of inflammatory processes, particularly those in which
necrosis has occurred. Conversely, inflammation is induced in thrombotic processes (e.g.,
the presence of inflammatory infiltrates after an event of ischemic infarct). Hence, throm-
bosis can be both cause and consequence of inflammation.

= Chronic Blood Capillary Damage in Atherosclerosis

Atherosclerosis is a multifactorial disease in which blood vessels chronically develop
irregular material deposits within the arterial vessel walls, so-called plaques. These changes
over time influence blood flow and induce aberrant blood coagulation (thrombosis) and
reduction of vessel diameter. Vessel wall hardening and obstructions finally cause strokes,
infarcts, and even vessel ruptures (aneurisms). Atherosclerosis has become a prevalent
cause for mortality in developed countries. The exact initiative of these structural altera-
tions is not known, but risk factors include mainly lifestyle habits such as diet (high cho-
lesterol), high blood pressure, diabetes, smoking, obesity, and genetic predisposition
(family history). The onset of the atherosclerotic process is supposed to follow the so-
called response-to-injury cascade: Any constant unphysiological stimulus such as meta-
bolic changes, inflammation, or trauma over time will lead to endothelial dysfunction that
initiates an inflammatory reaction of the endothelial cells [139]. This leads to retention of
low-density lipoprotein (LDL) particles and plaque formation, which contain fat, choles-
terol, and calcium in the vessel walls. Altered lipoprotein particle composition (oxidized
LDL) and subsequent calcification leads to loss of vessel wall elasticity. After plaque for-
mation, the injury progresses toward intima fibrosis, which is characterized by vSMC
proliferation and migration from the tunica media into the intima. Successive chronic
activation of platelets and coagulation factors leads to microthrombus formation and ves-
sel narrowing (stenosis).

= Chronic Blood Capillary Damage in Type 2 Diabetes

Type 2 diabetes (T2D) is a multifactorial disease; however, it is fundamentally associ-
ated with vascular damage, overall causing cardiovascular disease (CVD) [140, 141].
Vascular complications include micro- and macroangiopathy [142-144]. Persistent
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metabolic changes and insulin resistance cause a sub-chronic state of inflammation
that leads to frequent infections in the skin and chronic ulcers due to impaired wound
healing. This causes persistent infections, dramatically delayed wound healing, neu-
ropathy, and, ultimately, amputations. Overall, the cardiovascular complications are
the main cause of increased morbidity and mortality in fully developed T2D. Adults
diagnosed with diabetes have a two- to fourfold increased risk for development of car-
diovascular problems [145]. All phenomena described above are also characteristic for
diabetic microangiopathy of which endothelial dysfunction is thought to be the first
step [146]. Macroangiopathy affects coronary, carotid, and peripheral arteries and
increases the risk for myocardial infarction, stroke, and diabetic foot syndrome [147-
149]. On a molecular level [150], it has been established that over time, reduced insu-
lin-sensitivity (insulin resistance) exerts persistent hyperglycemia [151]. Chronically
enhanced glucose and glycosylated protein (AGE) levels in blood exert glycotoxic
effects that directly induce endothelial damage. These include enhanced oxidative
stress (ROS) and inflammation (NF-kB). The alterations manifest as blood flow abnor-
malities (reduced eNOS, ET-1), impaired vascular relaxation (RAAS, NO production)
[152], enhanced vascular permeability (enhanced VEGF), capillary occlusions (TGF-
B), and vascular occlusion due to thromboembolisms (increased PAI-1) [153]. Hence,
the implications of therapeutics to treat CVD that is associated with T2D are highly
complex [154].

= Diabetic Microangiopathy (DMA)

DMA is the underlying cause of nephropathy, retinopathy, and neuropathy [155]. DMA
usually begins with reversible functional disorders and ends with irreversible loss of organ
function after years of disease. Diabetic nephropathy is a disease of the glomerulus. It
begins with hyperfiltration followed by proteinuria and progressive renal failure [156].
The prevalence of diabetic microangiopathy increases with the duration of the disease.
The prevalence of nephropathy increases to 50% during the first 20 years after diagnosis
and levels off thereafter. Diabetic nephropathy accounts for more than 30% of all end-
stage chronic renal failure patients [157]. Diabetic retinopathy is a disease of the retinal
vasculature. Clinical signs are microaneurysms, retinal infarcts, and neovascularization
finally associated with loss of vision [158]. Retinopathy is rarely seen within the first few
years, but after 15 years, it is found in 25% and after 20 years in almost 100% of the patients,
respectively [159].

Blood vessel morphology of DMA: Although diabetic complications lead to a multifac-
eted clinical picture, a feature observed ubiquitously in histological specimens from dia-
betic patients is a prominent capillary basement membrane enlargement. Essentially, an
increase in type IV and VT collagen, fibronectin, and laminin protein deposition and a
decrease in proteoglycan abundance occur (B Fig. 1.8a). This alteration of protein compo-
sition and thickness is accompanied by concomitant changes of filtering function and
charge. Due to the latter, permeability to blood-borne molecules is increased. In addition,
pericytes are partly lost and/or dysfunctional, which results in destabilization of the wall
integrity [161, 162]. Basic membrane thickening is the most robust morphological param-
eter for clinically symptomatic DMA. However, the molecular mechanism behind its for-
mation is still unknown, and there is no remedy to reverse this process.
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enhanced expression of laminin and collagen IV (both red), but no changes of lymphatic capillaries
(podoplanin, green). (From: Haemmerle et al., Diabetes 2013 [160]). b Lymphatic vessels in physiological
and pathological conditions. (From: Tammela & Alitalo, Cell 2010 [54])
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= Blood Vessels in Inflammation

Blood vasculature responds to insults (heat, cold, burn, chemical injury, etc.) with vasodi-
lation and increased permeability to plasma proteins. Plasma proteins usually leave the
inflamed vessels by passing in gaps between the endothelial cells. Concomitantly, substan-
tial amounts of plasma proteins leak into the tissue, which causes edema [85]. In inflam-
mation, there is also increased proteolysis, which leads to further protein accumulation.
Subsequently, inflammatory cells immigrate into the tissue. Emigration of inflammatory
cells occurs with delay and exerts immune reactions. In persistent inflammatory states,
there are chronic alterations of affected tissue. One special incidence is vasculitis, an
inflammatory disorder that destroys blood vessels and affects both arteries and veins.
Vasculitis is caused by leukocyte migration and resultant exaggerated vessel damage.
Therapy of inflammation should aim at removing the cause of inflammation (antibiotics,
antihistamines) and treatment of edema (anticoagulants, surgery). In second line, the
treatment will target edema fluid and proteins to reduce blood volume and water-loading
within the tissue.
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= Angiogenesis: Aberrant De Novo Blood Vessel Growth

Unphysiological blood vessel overgrowth (pathological angiogenesis) involves abnormal
endothelial and vascular smooth muscle cell (vSMC) proliferation and plays important
roles in the pathogenesis of vascular diseases. Because of the public health importance and
economic impact of these pathological processes, elucidating the regulatory factors and
molecular mechanisms that control endothelial cell and vSMC growth is currently the
subject of active research. Abnormal vSMC proliferation is thought to contribute to the
pathogenesis of vascular occlusive lesions, including atherosclerosis, vessel renarrowing
(restenosis) after angioplasty, and graft atherosclerosis after coronary transplantation.
Particularly, malignant tumors induce aberrant growth of blood vessels for oxygen and
nutrient supply and, moreover, for their metastatic spread to other organs [163, 164].
Undoubtedly, certain kinds of tumors (sarcomas, colorectal and kidney cancer) mainly
spread via hematogenous metastasis. Some mechanisms leading to tumor angiogenesis are
quite well understood, one milestone being the release of pro-angiogenic growth factor
VEGEF into the progressive tumor environment. This has led to the establishment of anti-
angiogenic treatments [165]. One prominent example is the application of anti-VEGF
antibodies (Avastin/bevacizumab), which is also successfully used in humid macular
degeneration, where exaggerated neovascularization disturbs and over time destroys
vision. Conversely, states of insuflicient blood vessel supply, as seen in ischemia, are treated
by VEGF administration to stimulate vessel growth [166].

@ Questions
12. What are the major lifestyle-induced blood vessel diseases?
13. Why do tumors induce blood vessel growth?

Box 1.7 Effects of Hyperglycemia on Blood Endothelial Cells

Hyperglycemia induces an endothelial increase of protein kinase C (PKC) which in turn causes:
== Reduced expression of the vasodilator nitric oxide: aberrant vasoconstriction

Increased deposition of collagen: thickening of basement membrane, capillary occlusion
Increased expression of the NF-kB pathway: enhanced inflammatory reactions

Increased production of reactive oxygen species: enhanced oxidative stress

1.4.2 Lymphatic Vessels in Disease

Only during the recent two decades, the role of the lymphatic system in disease states has
been recognized (B Fig. 1.8b): Malfunction or dysfunction of the lymphatic system con-
tributes to the pathogenesis of chronic lymphedema, ascites, and/or aberrant adipogenesis
and fibrosis, it is relevant for enhanced or impaired inflammation and immune responses,
and it is involved in infectious diseases and spread of parasites [54, 167]. In cancerous
diseases, the lymphatic vasculature is involved in tumor growth and metastasis. Not least,
there are lymphatic tumors as there are Kaposi’s sarcoma [168] and lymphangiomas [169].
Novel and exclusive lymphovascular marker molecules and the use of genetic rodent gene
knockout models have enabled the identification of unphysiologic changes and deficien-
cies of lymphatic vessels and have helped to elucidate the pathophysiologic mechanisms
behind these pathologies.
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= Disturbed Lymph Transport: Lymphedema

Lymphedema arises through failure of lymph drainage, when lymphatic vessel capacity is
saturated, resulting in accumulation of fluid in the tissue interstitium. This is generated by
exaggerated microvascular filtration, either by increased capillary pressure or by reduced
plasma osmotic pressure, which leads to enhanced amounts of interstitial fluid [99],
accompanied by painful swelling. Over time, lymphedema leads to irreversible tissue
fibrosis, accumulation of fat tissue and recurrent infections [170]. Lymphedema is a prob-
lem resulting from natural/primary (genetic defects, inflammation, and infection) or arti-
ficial/secondary (breast cancer surgery, radiotherapy) processes [171].

Primary/hereditary lymphedema (1.1 people/100.000) is caused by congenital absence or
abnormalities of lymphatic vessels. Lymphedema arises either as lymphedema praecox (onset
during puberty, Meige disease) or as lymphedema tarda (onset after age of 35 years), but this
state comprises only 10% of the cases. A detailed geno- and phenotyping of the disease state
is performed to classify the condition. There have been identified nine causal genes, which
explain one-third of phenotypes. For example, Milroy disease is based on a VEGFR3 gene
mutation. Mutations in the FOXC2 gene lead to abnormally shaped lymphatic valves, com-
bined with enhanced smooth muscle cells coverage, which is called lymphedema distichiasis.
This causes obstruction of lymph vessels and consecutive stasis of tissue fluid.

The concomitant tissue edema causes the filaments to dilate the vessels, which causes
strongly dilated LVs due to unphysiologically extended opened junctions. In extreme
cases, this might damage the junctions during the compression phase of the initial lym-
phatics transport cycle. Breaks in the plasma membranes destroy the effectiveness of the
lymphatic pump.

Secondary lymphedema arises due to physical obstruction or interruption of lymphatic
vessels that can be caused by malignancies, infections, tissue trauma, and excision/surgery
or postradiation fibrosis. In severely injured tissue, the opening mechanisms of the lym-
phatic capillaries, the anchoring filaments, and opening gaps are defective. The injury has
led to damage of LECs and destruction of the tight junctions or breaks in the plasma
membranes of LECs. Hence, substances can directly enter the lymphatic system via gaps
(infections, aggressive tumor cells). In moderate burns, there is a threefold concentration
of proteins inside the lymphatics, based on higher protein concentrations in lymphatic
vessels than in the surrounding tissue space, which inverses the osmotic pressure, highly
overwhelming the lymphatic system. Injurious substances may also damage the junctions
and cause endothelial contraction.

For lymphedema treatment, physical methods may be applied that comprise heat, cold,
pressure, elevation, compression, massage, and exercise. As a mild technique, manual
lymph drainage (MLD) has been developed by the Austrian surgeon Alexander von
Winiwarter (1848-1917), who worked in Luttich, Belgium. The Danish couple Emil
(1896-1986) and Estrid (1898-1996) Vodder continued and improved this procedure and
established the so-called lymphology in the thirties of the twentieth century. These careful
manual movements should only be practiced by specialized and trained persons.

Knowledge of LEC molecules that contribute to the uptake or passage of interstitial
fluid into the lymphatic system may fundamentally help to develop therapeutic agents
for treatment of this painful disease. Moreover, abnormal formations of lymphatic ves-
sels, as seen in lymphangiomatosis and lymphangiectasis (dilatation of lymphatic ves-
sels), may be understood better by finding specific biomarkers that might represent
drugable targets.
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= Lymph Fluid Accumulations
Chylothorax/chylous ascites refers to the abnormal accumulation of chyle (lymph fluid) in
the pleural cavity. The cisterna chyli is a dilated collection of lymphatic ducts located
within the thoracic cavity in the abdomen that accumulates chyle before entry into the
thoracic duct. Accumulation of lymph into either the chest (chylothorax) or abdomen
(chylous ascites) is rare. Both can result from congenital abnormalities of the lymphatic
system usually as part of a more complex lymphatic anomaly or as a consequence of phys-
ical trauma. However, the appearance of free chyle in the abdominal or thoracic cavity is a
sign of lymphatic dysfunction [172]. This is seen in mouse models with mutations in
PROX-1, VEGFR-3, ANGPT?2, and SOX18, important lymphatic markers.

Lymphocele is the term for secondary types of lymph fluid accumulation. It arises within
a body cavity usually after surgical intervention that involves removal of lymph nodes
(lymphadenectomy), where lymphatic vessels were injured or not properly sealed. If it does
not regress spontaneously, postoperative treatments such as puncture are necessary.

= Lymph Is Adipogenic

Lymph stasis and/or leakage into the tissue leads to irreversible accumulation of lipids and
fat formation. An indication for the involvement of dysfunctional lymphatics in tissue lipid
accumulation is provided by patients with lymphedema: In late stages of the disease, they
usually suffer from severe and irreversible fibrosis and overgrowth of adipose tissue in the
edematous limbs [171]. Strikingly, haploinsufficiency in the Prox-1 gene, a master regula-
tor of lymphatic development, causes adult-onset obesity in mice [173, 174]. Further, it was
shown that enhanced blood cholesterol levels can influence lymphatic function. ApoE-/-
mice fed a high-fat diet showed lymphatic vessel dysfunction and degeneration in [175].
Lymphatic vessel integrity was disturbed and lymph transport declined, resulting in tissue
swelling. Moreover, lymphatic collectors lacked vSMC coverage and had dysfunctional
valves [175]. Hence, the hypothesis that lymph leakage or failed removal of tissue fluid and
adipogenic factors may cause adipocyte maturation is supported by these studies. This in
turn could have therapeutic implications for treating obesity and lymphedema by promot-
ing lymphatic integrity or preventing the release of adipogenic factors [176].

= Chronic Lymphatic Vessel Damage in Type 2 Diabetes

Though diabetic microangiopathy is recognized as the prominent cause of patient morbidity,
little is known about alterations of lymphatic vessels under chronic hyperglycemic conditions.
In human T2D skin, on ultrastructural level, morphopathological alterations of lymphatic
vessels such as deposition of basement material [177], dilations, and dislocated LECs were
observed [178], indicating altered permeability and disordered lymphatic function. Patients
with T2D are highly susceptible to all kinds of infections, especially skin infections [179, 180],
which are also a consequence of lymphatic dysfunction. It was shown that the number of
peripheral dendritic cells are reduced in T2D patients [181], pointing at restricted immune
surveillance and defense response, which is in accord with impaired skin wound healing [182,
183]. On the other hand, increased lymphatic vessel density was observed, which correlated
with enhanced macrophage recruitment, high abundance of pro-inflammatory cytokines,
and emergence of lymphangiogenesis [160]. This kind of de novo lymphangiogenesis might
be a direct consequence of increased inflammatory disposition in diabetic condition.

= Lymphatic Vessels in Inflammation
Lymphatic vessels are involved in the resolution of tissue edema and wound debris and
lead to tissue clearing and wound healing after an infectious process: Inflammation-
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associated tissue edema induces a higher hydrostatic pressure gradient into venous but
also lymphatic vessels. Hence, during inflammatory processes, lymph composition is
changing. Due to its task as a recycling route, the lymphatic vessel compartment conse-
quently shows a rise in protein concentration, cellular debris, cells, and enzymes. In order
to counterbalance this process, there are enhanced contractions of collecting vessels prox-
imal to an inflammatory region, which lead to increased lymph flow. However, in worst
case, coagulation of proteins or debris taken up is possible, which leads to fibrosis and,
conversely, reduced lymph flow.

Lymphatic vessels can be directly affected by injurious substances, bacteria, and para-
sites. Eventually, lymphangitis can occur, which is an inflammatory process along the lym-
phatic vessels per se and further spread of infectious agents along lymphatics to lymph
nodes and within the whole body. The detailed molecular mechanisms behind these dis-
ease states are still not clarified.

Regeneration of lymphatic vessels during and after inflammation comprises diverse
mechanisms: initial lymphatics heal by sprouting from existing lymphatics, by rapid inva-
sion of the healing region. They reveal a similar structure as blood capillaries, but slower
growth. Concerning regeneration of collecting lymphatics, collateral lymphatic channels
are formed that are able to replace obstructed lymphatics. Defective lymphatic function of
lymphatics leads to an ineflicient clearance of inflammatory cells and pathogens via the
lymph and consequently causes an increased risk for tissue infections [171].

m Lymphatic Vessel Infection: Filariasis

Direct infection of the lymphatic system by parasites and the consecutive lymph vessel
obstruction impressively show the importance of proper functioning of this system.
Lymphatic filariasis is caused by infection with parasites classified as nematodes (round-
worms) of the family Filarioidea. This causes severe lymphedema, creating enlarged and
swollen limbs which is termed “elefantiasis.” Late-stage consequences of the disease are
chronic inflammation, fibrosis, adipose tissue degeneration, poor immune function, and
impaired wound healing. More than 120 Mio people are affected worldwide, a huge por-
tion of it suffering from the late effects [99].

= Lymphangiogenesis: Aberrant De Novo LEC Proliferation
Increase of lymphatic vessel density in inflammation: The inflammatory condition itself
involves stimulation of lymphangiogenesis [5, 184], which can be observed during wound
healing [185]. Pro-inflammatory factors such as tumor necrosis factor alpha (TNF-«)
induce expression of the lymphangiogenic factor VEGF-C, which is mainly produced by
macrophages [186, 187]. Thereby, they are able to stimulate lymphangiogenesis [188].
These lymphatic vessels show exaggerated growth [189], as seen during chronic inflam-
matory diseases like psoriasis [190] or rheumatoid arthritis [191] but also in chronic intes-
tinal disorders such as inflammatory bowel [192] and Crohn’s disease [193]. Reminiscent
of defective blood vessels seen in tumor angiogenesis, these newly established lymphatic
vessels reveal disordered structures and function and rather enhance immune reactions.
This raises the question whether suppression of lymphangiogenesis could be used to
improve persistent immune reactions such as seen in transplant rejection.
Tumor-associated lymphangiogenesis/increase of lymphatic vessel density in cancer:
Tumors can directly promote lymphangiogenesis, presumably to enable specific lymphatic
metastasis toward the lymph nodes [194]. However, the specific molecular functions and
target molecules altered in these conditions are relatively unknown (Tobler and Detmar
2006). Lymphangiogenic growth factors like VEGF-C and VEGEF-D induce the formation
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of new lymphatic vessels [195] and were shown to be upregulated in a variety of tumors
[196]. Lymphatic vessel count around tumors has been identified as a prognostic factor
[197], and antibodies neutralizing VEGF-C, VEGF-D, or VEGFR-3 were sufficient to
block tumor growth [198].

= Lymphatic Metastasis: Tumor Spread

Although still rather neglected, lymphatic vessels represent the key entry point for tumor
cells when starting to disseminate within the body, as they have more delicate walls. Certain
tumors (e.g., breast cancer and carcinomas such as melanoma) spread via lymphatic vessels
to form metastases in regional lymph nodes or distant organs. The detection of tumor cells
within lymph nodes, especially in the so-called sentinel lymph nodes, which are those
residing immediately next to a tumor, is clinically used and important for tumor staging
and therapy [199]. It has been established that tumors prepare lymphatic metastasis by
inducing a pre-metastatic niche [200]. Tumors start to metastasize by induction of peritu-
moral lymphatic vessel growth and by invading the newly formed as well as pre-existing
afferent lymphatic vessels [194, 201]. However, the mechanism on how tumor cells invade
into lymphatic vessels is poorly understood. Further, chemokines and their corresponding
receptors are suggested to be involved in the interaction of tumor cells with the lymphatic
endothelium, for example, C-C motif chemokine ligand 21 (CCL21) and chemokine recep-
tor 7 (CCR7) expressed on tumor cells [202]. Additionally, lipoxygenases (ALOX15) are
implicated in breast cancer cell invasion of lymphatic vessels by interendothelial gap for-
mation that leads to consecutive lymph node colonization [200]. The detailed molecular
recognition mechanisms are still largely unknown, and also the prognostic significance of
lymphatic vessel invasion has to be further studied.

9 Questions

14. What is the difference between primary and secondary lymphedema?
15. What are key hallmarks of lymphedema?

— Summary: Take-Home Message

Blood and lymphatic vasculature are two highly specialized vessel systems that are key
to regulating body homeostasis. Despite the obvious enormous differences regarding
their functions, until now, only a few distinct molecular markers specific for blood (BECs)
or lymphatic endothelial cells (LECs) are known. As we find both systems affected in
disease, e.g., cancer spread, chronic inflammation, obesity, wound healing, or type 2
diabetes, novel vascular targets are needed to detect and evaluate alterations thereof.
The specific entrance of leukocytes and tumor cells into the microvasculature indicates
that endothelia carry unique marker molecules enabling specific adsorption to and
transport of cells inside the vessels. Understanding vessel function will be improved by
detailed analysis of the molecular equipments of its two entities, also in regard to
different tissue compartments (e.g., skin, eye, and lung). The endothelium represents a
highly versatile and reactive cell surface that modulates its molecular equipments
according to external stimuli and needs. These responses involve modulation of
membrane proteins and ion channels, activation of transcription factors, cellular
reorganization, and change of cell shape. They are accomplished within seconds to
hours and may be mechanistically important in the pathogenesis of vascular diseases.




35

Morphological and Functional Characteristics of Blood and Lymphatic...

Box 1.8 Lymphatic Vessels in Disease

Lymph transport: Lymphedema, ascites

Lipid uptake and transport: Adipogenesis, obesity
Lymphatic proliferation: Aberrant lymphangiogenesis
Lymphatic malignancy: Kaposi's sarcoma, lymphangioma
Matrix degradation: Wound healing, fibrosis

Infectious agents: Infection, lymphanagitis, elefantiasis
Immune cell interaction: Chronic inflammation

Tumor cell interaction: Metastasis

Box 1.9 Lymphangiogenesis in Inflammation and Tumor Metastasis

Inflammation is associated with new growth of lymphatic vessels, so-called lymphangio-
genesis.

Inflammatory lymphatic vessels enhance immune reactions (arthritis, inflammatory
bowel disease, dermatitis).

Suppression of lymphangiogenesis might improve exaggerated immune reactions.

1.5 Answers to Questions
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Vasculature can be specifically labeled with PECAM1 / CD31 staining.
Lymphatic vessel phenotype is thin-walled and fragile.
Most important lymphatic markers are Prox-1, Lyve-1, VEGFR-3, and podoplanin.

Lymphatic vessels start to form from the primary lymph sacs that derive from the
jugular vein.

There are two final connections: (a) the main thoracic duct is connected to the left
subclavian vein, and (b) the right thoracic duct is connected to the right subclavian
vein.

There is an approximate amount of 20 liters filtration fluid per day.

It is assumed that the ratio of venous versus lymphatic fluid uptake is 9:1 (18:2
liters per day).

The main regulators are surrounding muscle activity, blood flow, and nervous
excitation.

Lymph is the residuum of the blood capillary filtrate, a watery, milky fluid. Lymph
contains electrolytes, proteins, lipids, leukocytes, microorganisms + pathogens,
and tumor cells.
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Q 10. Lymphatic vessels are linked to the extracellular matrix by anchoring filaments.
When these relax, interendothelial gaps are closed, and lymph transport is induced.

Q 11. In collecting lymphatic vessels, bileaflet valves prevent backflow of lymph fluid.

Q 12. These are chronic hypertension, peripheral arterial occlusive disease,
atherosclerosis, and type 2 diabetes.

Q 13. Tumors are in need of nutrients and oxygen, and they develop the tendency to spread.
Q 14. Congenital dysfunction versus physical obstruction of lymphatic vessels.

Q 15. Lymphedema leads to chronic inflammation, impaired wound healing, and
adipose tissue generation.
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What You Will Learn in This Chapter

In this chapter, you will learn about the anatomy and physiology of the healthy human
heart. Mechanisms of the cardiovascular pathologies will be discussed separately in other
chapters of this book. This chapter first will focus on the physiological processes responsible
for cardiac contraction and relaxation with the emphasis on the components of the excit-
atory and conductivity system, differences in action potential in nodal versus non-nodal
cells, and excitation-contraction coupling. This chapter will further cover the basic aspects
of the heart cycle as well as the heart innervation and coronary circulation.

Next, this chapter will provide you with brief summary of characteristics and functions
of cardiac cells, more specifically cardiac myocytes, fibroblasts, and heart resident macro-
phages. We will then discuss the current knowledge about the myocardial metabolic regu-
lation and energy supply with the focus on glucose, fatty acid, and ketone metabolism in
the healthy heart. Finally, sex-related differences in the physiology of the human heart also
during aging will be highlighted.

2.1 Physiology of the Heart

2.1.1 Anatomy of the Heart

The heart is the organ composed of four cavities, four valves, large arteries, and veins.
Anatomical components of the heart precisely interact in order to reach appropriate fill-
ing, ejection, contraction, and global pump task.

The two superior receiving cavities of the heart are the atria, and the two inferior
pumping cavities are the ventricles. The right atrium (RA) obtains the deoxygenated blood
from the body through the superior vena cava (SVC) and inferior vena cava (IVC). Just to
remember, veins return blood to the heart. Blood flows from the RA into the right ventricle
(RV) through the tricuspid or right atrioventricular (AV) valve. The inside of the RV
encloses so-called trabeculae carneae, some of which mediate part of the conduction sys-
tem of the heart. Blood moves from the RV through the pulmonary semilunar valve into a
large artery called the pulmonary trunk, which separates into right and left pulmonary
arteries and carry blood to the lungs. Just to remember, arteries bring blood away from the
heart.

The left atrium (LA) takes oxygenated blood from the lungs through four pulmonary
veins. Blood flows from the LA into the left ventricle (LV) through the bicuspid or mitral valve
which, as its name says, has two leaflets. Blood passes from the LV through the aortic semilu-
nar valve into the aorta. Some of the blood in the aorta distributes into the coronary arteries.
The remainder of the blood flows into the thoracic and abdominal aorta, which carry blood
throughout the body (to the upper or lower parts of the body, respectively) [1-3].

2.1.2 Excitatory and Conductivity System of the Heart

Harmonized contractile function of the heart is crucial for life. Cardiac conduction system
is a collective term for a combination of diverse specific muscular tissues. Each contraction
of the heart is exactly controlled by interaction between electrical signals and mechanical
forces. The reason why an electrical excitation occurring in one cardiac muscle cell can
spread to neighboring cells is that the heart muscle is a “syncytium.” “Syncytium” means a
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vena cava, SAN sinoatrial node, RA right atrium, LA left atrium, IVC inferior vena cava, AVN atrioventricu-
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fusion of muscle cells interconnected by cytoplasmic bridges that is fastened inside a pro-
tein complex primarily consisted of type I fibrillar collagen. Formation and function of the
cardiac conduction system underlie complex transcriptional regulation [4, 5].

The basis of rhythmical electrical activity is a system of specialized cardiac muscle
fibers called autorhythmic fibers because they are self-excitable and repeatedly generated
action potentials (electrical activity) that trigger heart contractions. Autorhythmic fibers
function as a pacemaker and form the conduction system.

Cardiac excitation starts in the sinoatrial (SA) node (SAN), located in the RA. It is
spreading to the LA via Bachmann’s bundle. In analogous, action potential travels to the
AV node (AVN). The AV node is located at the apex of the triangle of Koch of the RA. The
triangle of Koch is formed by the ostium of the coronary sinus, the tendon of Todaro, and
the tricuspid valve. After a delay in the AV node, the potential is leaded through the bundle
of His to the left and right branches and then to the Purkinje fibers. Purkinje fibers conduct
the stimulus to the rest of the ventricular myocardium (8 Fig. 2.1a, [6]).

Both SAN and AVN have pacemaker activity potential. Pacemaker cells of SAN and
AVN are characterized by the process of diastolic depolarization. Nevertheless, the activi-
ties of these two nodes demonstrate significant differences, for example, in firing rate,
which is 20-60 beats per minute (bpm) for AVN versus 60-100 bpm of the SAN. The
components of the AVN are characterized by structural, molecular, and functional hetero-
geneities [6-8].

The resting membrane potential of most cardiac cells, with the exception of the SAN
and AVN, is approximately —90 milivolt (mV). Activation of cardiac cells is a consequence
of ion movement through the cell membrane, resulting in a temporary depolarization
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known as the action potential (AP). Different ionic species are recruited in the generation
of the AP among the cardiac tissues, and the shape of the AP is exclusive to each tissue
(B Fig. 2.1b). Important ions for cardiac cells are potassium (K*), sodium (Na*), and
calcium (Ca?"). The electrochemical gradient of the respective ions regulate the direc-
tion - inward (into the cell) or outward (out of the cell) — of ion currents. The current
amplitude (I) defines by the membrane potential (V) and the ion channel conductivity
(G):I=VxGI[9].

The SAN AP differs from that in ventricular muscle (8 Fig. 2.2). Nodal cells spontane-
ously and repeatedly depolarize to threshold, which is around —40 mV, and do not have a
steady resting potential. Phase 4 in SAN is the spontaneous depolarization (=pacemaker
potential). Phase 0 is the depolarization. This is followed by phase 2 (plateau) and phase 3
(repolarization) of the AP. When nodal cells are entirely repolarized at approximately
—60 mV, the cycle is spontaneously repeated (8 Fig. 2.2).

Non-nodal APs are typical of atrial and ventricular myocytes and the fast-conducting
Purkinje system in the ventricles. Non-nodal APs have a true resting potential (phase 4,
approximately —85 mV), rapid depolarization or initial upstroke (phase 0), early repolar-
ization (phase 1), and a prolonged plateau phase (phase 2). This is followed by phase 3 -
repolarization (8 Fig. 2.2).
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Thus, non-nodal cell AP differs from nodal cell AP by the presence of phase 1 (initial
repolarization) and prolonged phase 2 (plateau) as well as by the differences in the phases
4and 0 [8-10].

Coordinated contraction is allowed by the specialized organization of cardiac myo-
cytes in muscle slides, which are connected by inserted discs containing fascia adherens,
desmosomes, and gap junctions. First two components provide mechanical coupling,
while gap junctions allowed dynamic coupling between cardiac myocytes and control
normal heart rhythm [11].

Proper conduction of electrical and chemical (movement of ions) signal throughout
the heart also depends on gap junctional channels, which are membrane structures. Gap
junctions are composed of connexins. There are diverse isoforms of connexins that
account for the conductance of gap junctions. Connexin 40 is the predominate isoform in
the AVN and is characterized by large conductance. Other isoforms expressed at lower
level in AVN are connexin 43 with medium conductance, connexin 45 with small conduc-
tance, and connexin 30.2/31.9 with ultra-small conductance [12]. Recent study character-
ized perinexus, the nanodomain, a tiny pocket, sodium channel-rich separation adjacent
to gap junction, in human cardiac tissue. Interestingly, the authors found an association
between the width of perinexus and higher risk for developing atrial fibrillation [13].

2.1.3 Excitation-Contraction Coupling

Excitation-contraction coupling defines the process of transforming an electrical stimulus
(that is AP) to a mechanical response (that is muscle contraction). This process starts with
cardiomyocyte electrical excitation, which primes the entry of calcium, and succeeding
sarcomere shortening and myofibrillar contraction [14].

Excitation-contraction coupling in cardiac muscle is reliant on a process called Ca?*-
induced Ca®* release. Ca®* ions are central mediators modifying different properties in the
cells. Ca?* stores intracellular in the sarcoplasmic reticulum (SR). Its release into the cyto-
sol is regulated in subcellular microdomains, so-called couplons or Ca?* release units. As
a result of suprathreshold myocyte excitation, pacemaker cell-stimulated action potential
travels along T-tubules, triggers voltage-gated L-type (long-lasting) Ca** channels in the
cytoplasmic membrane, and causes an influx of calcium into the cytosol of cardiac myo-
cyte. Ryanodine receptors, among others ryanodine receptor type 2 (RyR2), in the mem-
brane of the SR detect increased intracellular calcium and transport calcium into the
cytosol that potentiate a temporary increase of the cytosolic Ca®* concentration ([Ca®*]c).
This calcium binds to troponin C of the troponin complex (consisted of troponin C, I, and
T subunits), which permits the actin and tropomyosin filaments to slide past one another,
and tension starts to develop. An interaction between actin and myosin depends on the
Ca?* concentration. When concentration of Ca** is low, tropomyosin inhibits binding
sites of myosin on actin. At increased Ca** concentration, tropomyosin stimulates the
contact of myosin and actin.

To interrupt contraction and allow the relaxation, Ca?* is taking away from the cytosol
and forwarded to the SR, mostly by the adenosine triphosphate (ATP)-dependent sarco-
plasmic/endoplasmic reticulum Ca** pump (SERCA) and the sarcolemmal Na'/Ca?*
exchanger 1 (NCX1 or SLC8A1). The replacement via Na*/Ca®* exchanger usually leads to
discharge of one Ca?* ion in exchange for three Na* ions. The action of the Ca?* transport-
ers SERCA and Na*/Ca?* exchanger is controlled by different kinases and phosphatases.
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Myofilament Ca?* sensitivity is controlled by phosphorylation of troponin I, regulatory
light chain of myosin, and myosin-binding protein C. When intracellular calcium concen-
tration drops, contraction is finished. The SR reservoir stores Ca?* for upcoming calcium-
induced calcium release [15].

Hohendanner et al. demonstrated the presence of regional differences in the subcel-
lular control of cytosolic Ca?* decay between intracellular regions with slow Ca?* removal
and fast Ca®* removal sites associated with mitochondria in cardiomyocytes during dias-
tole [16].

Cardiac excitation-contraction coupling is also regulated by neurohumoral
B-adrenergic as well as different paracrine signaling. The formation of cyclic adenosine
monophosphate (cAMP) from ATP is mediated by adenylyl cyclase, which is in turn
stimulated by the activation of the guanosintriphosphat (GTP)-binding protein o after
B-adrenergic receptor stimulation by binding of epinephrine/norepinephrine. A rise in
cAMP leads to protein kinase A activation and phosphorylation of different proteins. As a
sequence, ion flux through the L-type Ca®* channel and RyR is increased. Release of nitric
oxide (NO) and endothelin-1 by cardiac endothelial cells (ECs) is one of the strongest
paracrine modulator of excitation-contraction coupling. Another example of the para-
crine regulation is the chemokine stromal cell-derived factor, which stimulates its receptor
C-X-C chemokine receptor type 4 and weakens p-adrenergic-mediated cardiomyocyte
contraction [14].

2.1.4 Heart Cycle

Heart cycle comprise all the events related to one heartbeat. That means a heart cycle
involves systole and diastole of the atria plus systole and diastole of the ventricles
(B Table 2.1). The atria and ventricles contract and relax by turns. They power blood from
regions of higher pressure to zones of lower pressure. @ Table 2.1 summarizes characteris-
tic features of phases within one heart cycle in the left side of the heart including electrical
signals registered by electrocardiogram (ECG) and heart sounds.

Volumes to remember:

End-diastolic volume (EDV) = 110 to 130 ml

End-systolic volume (ESV) = 40-60 ml

Stroke volume (SV), the volume of blood ejected by the ventricle during each contrac-

tion: EDV - ESV = 60-80 ml

Ejection fraction (EF) = SV/EDV ~60%

2.1.5 Cardiac Output

Cardiac output (CO) is the volume of blood expelled from the left (or right) ventricle into
the aorta (or pulmonary artery) each minute.
CO equals the SV multiplied by the heart rate (HR):

CO = SV x HR

CO =70 mL/beat x 75 beats/min = 5250 mL/min = 5.25 L/min
In healthy, adult resting men, CO is 4-6 L/min. For women this value is 10-20% less.
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B Table 2.1

Phase

Phase
1 - atrial
contraction

Phase
2 —isovolu-
metric
contraction

Phase
3 - rapid
ejection

Phase
4 — reduced
ejection

Phase

5 —isovolu-
metric
relaxation

Phase
6 - rapid filling

Phase
7 - reduced
filling

AV valve

Opens

Closes

Remains
closed

Remains
closed

Closed

Opens

Opens

Aortic
valve

Closes

Remains
closed

Opens

Remains
opened

Closed

Closed

Closed

Heart cycle in the left side of the heart

ECG

P wave
(electrical
depolariza-
tion of the
atria)

QRS complex
(ventricular
depolariza-
tion)

T-wave
(ventricular
repolariza-
tion)

Heart sound

First heart
sound as a
result of AV
valve closure

No heart
sounds
because the
opening of
healthy valve
is silent

Second heart
sound as a
result of
aortic valve
closure

Ventricular
filling is
normally
silent

51

Characteristic

Atrium contracts —
the pressure within
the atrium increases
— blood flows into
the ventricle

Increase in
intraventricular
pressure — AV valve
closed — ventricu-
lar volume does not
change because
there is no ejection

Intraventricular
pressure exceeds
the pressure within
aorta — aortic valve
opens — initial
ejection of blood
from the LV into the
aorta

Decline in the rate
of ejection

All valves are closed
— volume remains
constant

Ventricle continues
to relax — the
intraventricular
pressure falls below
atrial pressure — AV
valve opens and
ventricular filling
begins

Normally, by the
end of phase 7, the
ventricle is about
90% filled

As CO depends on SV and HR, all factors influencing these parameters can influence
CO. Several factors regulate SV: contractility (inotropy), preload, and afterload. Preload -
the pressure with which the ventricle begins to contract. The preload is proportional to the
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EDV and is determined by the duration of ventricular diastole and by the venous return.
Afterload - the pressure against which the ventricle must to contract and is proportional
to the ESV. Contraction of heart muscles is a consequence of muscle fibers™ activation.
Both SV and ESV are affected by the inotropy - SV is increased and ESV is decreased, if
inotropy is increased. Inotropy is stimulated by autonomic nervous system (sympathetic
activation or parasympathetic inhibition), circulating catecholamines, afterload (Anrep
effect, an increase in afterload can lead to an increase in inotropy), and HR (Bowditch
effect, an increase in HR can cause an increase in inotropy). HR in turn is regulated by
autonomic nervous system, hormones released by the adrenal medullae (epinephrine and
norepinephrine), body temperature, gender, age, and physical fitness.

2.1.6 Innervation of the Heart

Nervous system regulation of the heart arises in the cardiovascular center of the medulla
oblongata. This center obtains input from a multiplicity of sensory receptors and from
higher brain centers, such as the limbic system and cerebral cortex. Important sensory
receptors are the proprioreceptors that monitor the position of limbs and muscles; the che-
moreceptors, which monitor chemical changes in the blood; and baroreceptors to monitor
the stretching of major arteries and veins caused by blood pressure. Important barorecep-
tors are positioned in the arch of the aorta and in the carotid arteries.

Sympathetic neurons spread from the medulla oblongata into the spinal cord. From the
thoracic region of the spinal cord, sympathetic cardiac accelerator nerves extend out to the
SA node, AV node, and the myocardium. Impulses in the cardiac accelerator nerves trig-
ger the release of noradrenaline (NA), which binds to 1 receptors in the heart, specifically
in the SA node, AV node, and on cardiac muscle fibers in atria and ventricle. This interac-
tion has several effects: increase of HR (via the SA node; positive chronotropic effect),
increase of contractility (due to augmented calcium release from SR; positive inotropic
effect), and upregulation of conduction velocity (due to the interaction with p1 receptors
in AV node; positive dromotropic effect) (8 Fig. 2.3).

Parasympathetic nerve impulses reach the heart via the vagus nerves. SA node, AV
node, and atrial myocardium are innervated by vagal axons. They release acetylcholine
(Ach), which decreases HR. As only a few vagal fibers innervate ventricular muscles,
changes in parasympathetic activity have little effect on contractility of the ventricles. Two
types of muscarinic receptors, the M2 and M3, are responsible for the effects of the para-
sympathetic nervous system on the cardiovascular system. Parasympathetic nervous sys-
tem has the following effects: decrease in HR (negative chronotropic effect, due to the
innervation of the SA node by vagus nerve); decrease in myocardial contractility is disput-
able as the vagus nerve does not directly innervate ventricular myocytes, as already men-
tioned above; and decrease in AV node conduction velocity (negative dromotropic effect)
(@ Fig. 2.3).

The SAN of the heart is innervated by both sympathetic and parasympathetic nerve
fibers. Under circumstances of physical or emotional stress sympathetic nerve fibers
release NA. NA acts to increase the pacemaker potential and to up-regulate HR. Other
effects of the stimulation of the sympathetic nervous system include constriction of the
blood vessel, dilatation of the bronchiole and pupil, and inhibition of peristalsis.

Under circumstances of rest the parasympathetic fibers release ACh. ACh slows the
pacemaker potential of the SA node and reduces HR. Other effects of the stimulation of
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the parasympathetic nervous system include constriction of the bronchiole and pupils,
increase of peristalsis, as well as increase secretion of different glands (pancreatic, salivary,
and eye) [17, 18].

2.1.7 Coronary Circulation

Coronary blood flow regulates the equilibrium between oxygen supply and oxygen
demand. French anatomist Raymond de Vieussens was the first who described the blood
vessels of the heart in 1706. Later on, in 1715, he extended his study by the description of
the coronary vessels, cardiac muscle fibers, and the pericardium [19].

The left and the right coronary arteries derived at the base of the aorta from the sinuses
of Valsalva. The coronary arteries bend around the heart like a crown, which give also
their name from Latin. Extravascular compression during systole markedly affects coro-
nary flow; therefore, most of the coronary flow occurs during diastole. Perfusion of arter-
ies supplying the RV is less affected by contracting myocardium because tension developed
in RV is lower than tension in LV.

Two components of arterial (hemodynamic) load - “steady”/“resistive” and pulsatile
load (total arterial compliance [TAC], aortic impedance) - exist. Mean arterial pressure
(MAP) is determined by CO and “steady” load, which is in turn dependent on the total
peripheral resistance (TPR): MAP = CO x TPR. Systemic vascular resistance is mainly
dependent on the resistance of the arterioles and capillaries.



54

S. Demyanets

At the same time, the arterial characteristics such as aortic stiffness, geometry, and
properties of arterial wave reflections influence pulsatile load. Pulsatile load is mostly
characterized by aortic compliance. Effective arterial elastance comprises both steady and
pulsatile arterial load and depends on the end-systolic pressure and SV. Coronary flow is
controlled by different mechanisms such as pressure outside the vessels, perfusion pressure
inside the coronary arteries, as well as hormonal, metabolic, and myogenic factors.
Pressure-flow autoregulation maintains constant blood flow over a broad range of
perfusion pressures of around 60-120 mmHg [20].

2.2 Cellular Composition of the Human Heart

The human heart is a multicellular organ containing cardiomyocytes and non-myocytes.
Even if cardiomyocytes comprise the majority of cardiac cell mass because of their large
volume, non-myocytes constitute the majority of cells in the heart. Fibroblasts, ECs,
smooth muscle cells (SMCs, B Fig. 2.4¢c, d), and immune cells are the main non-myocyte
components [21, 22].

Exact proportion of different cells’ populations within the non-myocytes in the human
heart is debatable. Previously, fibroblasts were recognized as a dominant non-myocyte cell
type in the heart. However, recent study revealed that ECs were underestimated in their
importance, and account for the majority (>60%) of non-myocyte. Fibroblasts comprise
only <20% of the non-myocyte cell in the human heart [21]. By performing immunohis-
tochemistry, Pinto et al. showed that in human cardiac tissue, cardiomyocytes (defined as
ACTN2 positive cells) account for around 30%, ECs (CD31 positive cells) for >50%, and
leukocytes (CD45 positive cells) for >5%. These results were confirmed by flow cytometry
analysis of single-cell preparations. In general, cardiac ECs include cells in the coronary
vasculature (8 Fig. 2.4e, f), lymphatic vessels, and endocardial and intramyocardial ECs.
Within heart ECs, around 90% belongs to vascular ECs (defined as CD102* CD105*
nodes) and around 5% to lymphatic ECs (defined as podoplanin* nodes) [21].

Each cell population has different characteristics and functions. However, they coordi-
nate in a precise manner in order to achieve effective cardiac function. Cardiac cells
together with extracellular matrix (ECM) are highly organized structure, allowing proper
heart function. Cardiac development and regular cardiac function depends on coordi-
nated interactions between these cells. Moreover, all cardiac cells are able to secrete factors
that influence properties of neighboring cells [23].

As characteristics and functions of ECs and SMCs are extensively described in the
separate chapters of this book, following sections in the present chapter will discuss the
properties and functions of cardiac myocytes, cardiac fibroblasts, and resident immune
cells (with the focus on macrophages).

2.2.1 Cardiac Myocytes

Cardiac myocytes comprise >70% of the myocardial tissue mass, but merely around 30%
of the total cell number [21]. The function of the cardiac myocytes is directed to provide
proper contraction-relaxation cycle. This task is achieved by creating contractile force and
crystalline-like myofibrillar structure of adult cardiomyocytes is helpful in this process.
Signals generated in the SAN enforce depolarization of cardiac myocytes. Calcium is a
mediator that helps to transmit the signal into muscular contraction. Each cardiomyocyte
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O Fig. 2.4 Representative morphology of human adult cardiac myocytes (HACM, panel a), human
adult cardiac fibroblasts (HACF, panel b), human coronary artery smooth muscle cells (HCASMC, panel c),
human aortic smooth muscle cells (HASMC, panel d). human coronary artery endothelial cells (HCAEC,
panel e), and human aortic endothelial cells (HAEC, panel f) cultured in vitro (own unpublished data)

comprises so-called sarcomeres, which are the contractile units and organized with about
2 pm interspace. In order to harmonize contraction, a lot of sarcomeres have to function
coordinated in a single cell.

The human heart was traditionally seen as a postmitotic terminally differentiated
organ with limited capacity for regeneration by cardiomyocytes. However, this view was
challenged by the findings that new cardiac myocytes appear also in the adult heart. The
technique called radiocarbon (*4C) birth dating established renewal of the heart muscle
until the third decade of life [24]. However, the potential sources, generation rates, trig-
gers, and molecular pathways for cardiac myocytes regeneration are still the matter of
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B Table 2.2 Cytokines and growth factors expressed and/or released by human adult cardiac
myocytes and their regulation

Factor Constitutive Regulation Refer-

expression ences
Plasminogen activator Yes Increased by interleukin (IL)-1a, [25]
inhibitor-1 (PAI-1) tumor necrosis factor (TNF)-a,

transforming growth factor
(TGF)-B, oncostatin M (OSM)

Vascular endothelial Yes Increased by OSM and prostaglan- [26,

growth factor (VEGF) din E1 27]

Macrophage colony Yes Increased by TNF-a [28]

stimulating factor (M-CSF)

Stromal-derived factor 1 Yes Increased by OSM [29]

(SDF-1)

11533 Yes (intracellular)  Increased by TNF-a, IL-1p, [30]
interferon (IFN)-y

Brain natriuretic peptide Yes Decreased in hypoxic right atrial [31]

(BNP); atrial natriuretic tissue

peptide (ANP)

Pigment epithelium- Yes Decreased by hypoxia [32]

derived factor (PEDF)

debate. Among others, progenitor or stem cells as well as dedifferentiated pre-existing
cardiac myocytes are discussed as potential sources.

Human adult cardiac myocytes (B Fig. 2.4a) are able to secrete different cytokines and
growth factors, as summarized in the @ Table 2.2, and influence the neighboring cells in a
paracrine manner.

2.2.2 Cardiac Fibroblasts

Cardiac fibroblasts are responsible for the production and degradation of the components
of the ECM that provide scaffold of the heart. The importance of cardiac fibroblasts is
underlined by the fact that ECM conformation is also crucial for the function and prolif-
eration of cardiomyocytes in a healthy heart. Production of fibronectin; collagens (e.g., I,
1L IV, V, VI); al-, a2-, and a5-integrins; fibrillin; periostin; glycoproteins; proteoglycans;
glycosaminoglycans; matrix metalloproteinases (MMPs); and tissue inhibitors of metal-
loproteinases (TIMPs), which are the components of ECM, are regulated by the cardiac
fibroblasts. Collagen is the main component of the ECM and is comprised of diverse vari-
ants such as full-length, fragmented, and posttranslationally modified forms [33, 34].
However, cardiac fibroblasts have been recognized to have more functions than just
maintain the structural basis of the heart. Not only cardiac myocytes but also cardiac fibro-
blasts take part in mechano-electrical signaling responsible for cardiac contraction. Although
cardiac fibroblasts themselves are electrically non-excitable, they conduct indirect and direct
influence on electrophysiological characteristics of the heart. Indirect interplay between
fibroblasts and cardiac myocytes depend on ECM that acts as an electrical buffer. ECM
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proteins surrounding the cardiomyocytes permit the spreading of mechanical force through-
out the myocardium. But also direct cardiomyocyte-fibroblast interaction could play a sub-
stantial role in gap junction. Gap junctions containing connexins provide the connections
for electrical excitation. Moreover, cardiac fibroblasts express mechanosensitive channels
and K* channels, which define their resting membrane potential. Additionally, cardiac fibro-
blasts also possess immunomodulatory properties due to the interaction with immune cells
(14, 23, 35, 36].

Fibroblasts are mesenchymal-derived cells, but also the bone marrow-derived pro-
genitor cells, perivascular cells, fibrocytes, and monocytes could differentiate into fibro-
blasts. Under pathological conditions, cardiac fibroblasts differentiate into another type of
cells, namely, myofibroblasts, which are characterized by many futures of SMCs including
ability for migration and as such invasion. Based on their morphology, fibroblasts are
defined as active or inactive.

Cardiac fibroblasts (8 Fig. 2.4b) show several unique characteristics [33, 35]:

The absence of a basement membrane

A prominent Golgi apparatus

Extensive endoplasmic reticulum

Flat, spindle- or sheet-shaped morphology with numerous filopodia

Identification of cardiac fibroblasts is often problematic because they have no single specific
cell marker. In order to distinguish myofibroblasts from cardiac fibroblasts, a-smooth muscle
actin should be used. Often used markers such as vimentin, the discoidin domain receptor 2
(DDR2), CD90, and Sca-1 are not exclusive to fibroblasts. Moreover, depending on the tissue
origin, not all fibroblasts express these antigens. Current recommendations for the identifica-
tion of the cells of fibroblast origin include the use of a combination of different markers.
Several examples of the markers expressed by the fibroblasts are provided below [37]:
Vimentin identifies fibroblasts with grate sensitivity, but it is also expressed by ECs
and macrophages as well as by myofibroblasts. In order to distinguish fibroblasts
from other cell types, the combinations of vimentin with CD45 (immune cells) or
CD31 (ECs) are used.
DDR2, which is a collagen receptor, is present on the surface of cardiac fibroblasts
but also on myofibroblasts and other cells.
The fibroblast-specific protein 1 (FSP-1) possesses cytosolic localization; however, it
marks not only fibroblasts but also myocytes, ECs, SMCs, and immune cells.
Cadherin-11 is a promising fibroblast marker, but it is unclear, if cadherin-11
expressed by myofibroblasts.
Thymus cell antigen-1 (Thy-1/CD90) is expressed by fibroblasts, ECs, SMCs, a subset
of CD34* bone marrow cells, and fetal liver-derived hematopoietic cells.
Transcription factor 21 (Tcf21) is expressed in cardiac fibroblasts in the nucleus and
acts as a transcription factor. Tcf21 has also limited value in identification of cardiac
fibroblasts and has to be used in combination with other markers.
Platelet-derived growth factor receptor-o (PDGFRa) in combination with
Collagenlal-GFP should detect most cardiac fibroblasts.
Wilms tumor 1 (WT1) is postulated as a fibroblast lineage indicator, however, have to
be also used in combination with other markers.

Therefore, cardiac fibroblasts sustain mechanical, electrical, and paracrine regulation
within the heart, also because of their communications with cardiac myocytes, vascular
cells, and immune cells.
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2.2.3 Immune Cells

Immune cells are not only recruited to the heart in the response to injury but also present
as resident cells within the human heart. Pinto et al. detected myeloid cells (CD11b",
around 80% of leukocytes), B cells (B220*, around 10%), T cells (CD3*, around 3%), and
lymphoid cells (CD11b"B220~CD3", around 7%) to be present within the population of
cardiac immune cells [21]. Myeloid cells comprise monocytes, macrophages, neutrophils,
eosinophils, basophils, mast cells, dendritic cells, and natural killer cells.

Cardiac monocytes and macrophages attract special attention in the recent years.
Therefore, this section will discuss these cell populations within the heart with emphasis on
steady-state and not diseased heart. Monocytes could enter heart tissue via lymphatic or
systemic circulation. In the cardiac tissue, surviving monocytes transdifferentiate into dif-
ferent types of macrophages so-called M1 or M2 subtype. In the healthy heart, alternatively
activated M2 macrophages with anti-inflammatory properties are dominant. Contrary, the
number of extravasated monocytes in the non-diseased heart is low. Therefore, the concept
of macrophage heterogeneity is also applied to the human heart [38].

Monocytes and macrophages can be also subdivided based on their expression of the
chemokine C-C motif ligand 2 (CCL2). In diseased heart obtained from heart failure
patients, CCR2™ macrophages, CCR2* macrophages, and CCR2* monocytes with distinct
gene expression patterns and functions were detected in LV myocardial tissue [39]. CCR2*
monocytes and CCR2* macrophages seem to play pathological inflammatory role and are
associated with poor LV systolic function in heart failure patients. CCR2™ macrophages
have reparative functions as they may initiate tissue repair.

Macrophages are actively involved in the regulation of cardiac homeostasis. As in
other tissues and organs, heart macrophages also possess phagocytic activity, eliminate
senescent and dying cells (also dying cardiomyocytes), and provide defense against infec-
tion. Macrophages located in the human heart are able to communicate with stromal cells
such as cardiac myocytes, fibroblasts, and ECs and provide clearance function by elimi-
nating unnecessary factors from surrounding cells or blood [40]. However, the functions
of cardiac macrophages are not limited to the defense properties. Exciting recent data
revealed that cardiac macrophages regulate electrical conduction. Hulsmans et al.
described the presence of macrophages in AV node in healthy human and mouse heart,
where their amount was much higher compared to the LV tissue. Macrophages situated in
human AV node coupled with cardiomyocytes via connexin 43 [41]. Therefore, the ability
of cardiac macrophages to interdigitate with cardiac myocytes in AV node can control the
contractile properties of the human heart.

Altogether, cardiac macrophages show heterogeneous subtypes and can regulate tissue
homeostasis within the healthy human heart.

2.3 Metabolic Control of the Myocardial Function

The process of excitation-contraction coupling that ensures myocardial contractility (as
discussed in the » Sect. 2.1.3. of this chapter) requires large amount of energy. To gain this
energy, ATP is used. Therefore, constant formation of ATP is a vital process needed for
proper cardiac function and is covered mainly by mitochondria via the process of oxida-
tive phosphorylation (responsible for more than 90% of ATP generation), but also by
anaerobic glycolysis in the cytosol. The balance between the oxidative phosphorylation
and ATP hydrolysis keep ATP amount constant [42].
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@ Fig. 2.5 Energy metabolism in normal heart. (Reprinted from [43] with the permission of the
publisher. MPC mitochondrial pyruvate career, PDH pyruvate dehydrogenase, PDK pyruvate dehydroge-
nase kinase, TCA tricarboxylic acid cycle, SCOT succinyl-CoA-3-oxaloacid CoA transferase, BDH
B-hydroxybutyrate dehydrogenase, CPT carnitine palmitoyltransferase, MCD malonyl CoA dehydroge-
nase, ACC acetyl-CoA carboxylase, MCT monocarboxylate transporter, CD36 cluster of differentiation, FAT
fatty acid translocase, GLUT glucose transporter type (1 or 4))

To cover ATP production, the healthy heart oxidizes fatty acids (responsible for 60% to
90% of ATP generation) as well as pyruvate (responsible for 10% to 40% of ATP forma-
tion). On the other hand, oxidation of lactate and glycolysis is responsible for the produc-
tion of pyruvate. Under normal conditions, the human heart catches the possibility to use
amino acids and ketone bodies only to a small amount, and as alternative substrates. As
hormonal, substrate, and energy status of the human body is dynamically variable, cardiac
myocytes need to adapt to these environmental shifting. This unique property to shift
between available substrates to generate enough energy called “metabolic flexibility” and
is an important characteristic feature of the normal human heart [43, 44].

Fatty acids are used by the heart for respiration and normally sustain the main energy
source for cardiac myocytes in adult human heart. The glucose fatty acid or Randle cycle
arranges the use of the respective substrate for the production of the energy. Free fatty
acids in plasma — albumin-bound or released from very low density lipoproteins or chylo-
microns — are the predominant origins of fatty acids used for beta-oxidation. Fatty acids
from extracellular space reach into the cytosol of cardiac myocytes via passive diffusion or
via active transport mediated by the fatty acid translocase (FAT, CD36) or fatty acid trans-
port protein (FATP). Intracellular free fatty acids transformed to long-chain fatty acyl
coenzyme A (CoA) by esterification. Long-chain fatty acyl CoA either entered the mito-
chondria mediated by carnitine palmitoyltransferase isomers (CPTI and CPTII) or stored
in the triacylglycerol (TAG) (8 Fig. 2.5). In general, fatty acid metabolism is less effective,
if measured as generated ATP molecules in relation to the consumed oxygen molecules,
compared to glucose oxidation.

Glucose is the most advantageous substrate with high produced phosphate/consumed
oxygen ratio. The citric acid or Krebs cycle is a fundamental chemical sequence leading to
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the conversion of pyruvate to succinate. Although glycogen stores are not very prominent
in the heart, they, together with exogenous glucose, are responsible for glucose metabo-
lism in the heart. Glucose transporter type 1 (GLUT1), which is insulin-independent, and
GLUT4, which is insulin-dependent, mediate the uptake of glucose into the cardiac myo-
cytes. Another way for the glucose to get into the cardiac myocytes is the transmembrane
glucose gradient. Hexokinase processes intracellular glucose by phosphorylation to
glucose-6-phosphate (G-6-P). G-6-P can be used in many different ways: (1) for genera-
tion of ATP, pyruvate, and nicotinamide adenine dinucleotide (NADH) during glycolysis;
(2) for synthesis of glucosamine-6-phosphate in hexosamine biosynthesis pathway; (3) for
glycogen formation; and (4) for generation of nicotinamide adenine dinucleotide phos-
phate (NADPH), pentoses, and ribose 5-phosphate in pentose phosphate pathway.
Pyruvate generated from the glucose during glycolysis can be used for the synthesis of
lactate or entered to the mitochondria with the help of the mitochondrial pyruvate carrier.
Here pyruvate is catalyzed to acetyl-CoA for the tricarboxylic acid cycle (8 Fig. 2.5).

Ketone bodies represent a minor substrate for the production of ATP compared to fatty
acids and glucose. Despite this fact, ketones are more efficient for the energy production
than fatty acids based on their phosphate/oxygen ratio. Fasting periods result in increased
production of acetone, beta-hydroxybutyrate (BOHB), and acetoacetate in the liver.
Acetone is excreted via the respiratory tract, but BOHB and acetoacetate continue to cir-
culate in the blood. Ketone bodies entered the mitochondria of cardiac myocytes in such
a way. POHB can be oxidized into acetoacetate and finally acetyl-CoA is generated and
can take part in the Krebs cycle to produce ATP (8 Fig. 2.5).

2.4 Male and Female Heart

Cardiac physiology displays evident sex and gender differences that were often underap-
preciated in the past. These differences begin already with the cardiac anatomy especially
with the structure of the LV and are age-dependent even if aging is associated with physi-
ological changes in cardiac structure and functions in both sexes. Peak systolic apical
mechanics measured by the echocardiography were greater in healthy middle-aged men
than in middle-aged women. Additionally, postmenopausal healthy women demonstrated
lower LV relaxation compared with premenopausal women [45].

Another study also showed sex differences in age-associated changes in cardiac physi-
ology. Thus, although LV EF increases in both male and female with age, this increase is
obvious to a greater extent especially in women. Increase in LV stiffness is also more dis-
tinct in aging women as in aging men. By using magnetic resonance phase-contrast imag-
ing, different gender-dependent and gender-independent age-related changes in
myocardial motion were established. Gender-dependent changes include more pro-
nounced decrease in long-axis contraction velocity in the systole and diastole as well as
prolonged time-to-peak apical rotation in the diastole in women [46]. Therefore, with
aging women are more predisposed to LV diastolic dysfunction as men. Interestingly, sub-
stantial differences in the anatomy or functional capacity of LA were not observed [47].
Female heart seems to be able better as male heart to sustain cardiac myocytes’ number
during aging among other due to the higher replicative capacity and longer telomeres of
their cardiac stem cells. Therefore, the loss of cardiac myocytes is less pronounced in
female myocardium compared with male myocardium during the process of aging [48].

Sex differences are seen not only on the anatomical but also on the cellular, molecular,
and transcriptional levels [47]. LV diastolic function is determined by different structural
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proteins. Titin is one of the key proteins, and its characteristic is depending on the phos-
phorylation by protein kinases A and G. An interesting link to the female hormones pro-
vides the fact that estrogen is able to diminish the protein kinase A activity. The content and
the type of collagen isoforms are also detrimental for the structural integrity of the human
heart. Young women displayed lower levels of collagen I and IIT than men. However, with
aging this relation is changed, and men express lower levels of collage I and III.

Sex differences in cardiac contractile function could be partially explained by distinc-
tions in calcium handling. Calcium flow, SR Ca®* sparks, intracellular cAMP levels, and
excitation-contraction coupling gain were lower in female cardiomyocytes [49].
Interestingly, also K*-channel subunits, connexin43, and phospholamban, all involved in
the regulation of conduction and repolarization, are expressed at reduced levels in female
hearts [50].

Cardiac function is controlled by the substrate metabolism as discussed previously in
> Sect. 2.3 of this chapter. It is of note that in response to obesity, women displayed different
myocardial metabolic picture as men because they have lower myocardial glucose uptake
and conversion as well as higher fatty acids metabolism. Sex differences in triglyceride and
acylcarnitine metabolism in the heart were also reported. Female gender was also associ-
ated with higher myocardial blood flow and oxygen consumption in that study [51].

Control of immune system and adequate inflammatory response is crucial for all
aspects of the cardiac physiology and pathophysiology. It is known for a long time that
women assemble stronger immunity than men [52]. This phenomenon was also obvious
in human hearts of men and women, where distinct expression of genes involved in pro-
inflammatory cascade was identified [47].

Biologically, sex is defined by sex chromosomes and related genes as well as sex hor-
mones mainly estrogens and androgens. Epidemiological studies showed that premeno-
pausal women had lower risk of developing cardiovascular events, and experimental
studies proved cardio- and vasculo-protective influence of estrogen (E2), the female hor-
mone. HR is regulated among others by estrogen receptor (ER)-a and ER-f, which are
expressed in the central nervous system. Regulation of cardiac diastolic function by E2 is
also accepted, and many mechanisms involved are described: E2 regulates the function of
mitochondria, the energy source, NO action, and Ca2* balance [53].

— Take-Home Message

== Coordinated cardiac contraction and relaxation is facilitated by organized
excitatory and conductivity system including the process of excitation-con-
traction coupling that is reliant on Ca?*-induced Ca?* release.

== Parasympathetic and sympathetic parts of the autonomic nervous system
regulate the function of the heart in antagonistic manner.

== The human heart contains both cardiomyocytes and non-myocytes with
endothelial cells comprising the majority of non-myocyte.

== Cardiac cells together with extracellular matrix are highly organized and
interacting structure, allowing proper heart function.

== Cardiac macrophages show heterogeneity and can regulate tissue homeostasis
including electrical conduction within healthy human heart.

== Substrate “metabolic flexibility” is an important characteristic feature of the
normal human heart.

== Sex-related differences on anatomical, cellular, molecular, and transcriptional
levels exist between male and female hearts.
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What You Will Learn in this Chapter

In this chapter you will learn how the human body regulates the supply of blood and its
components to different organs and tissues in such a way that every tissue gets exactly
what is needed for its function in different situations. In general, blood supply can be regu-
lated by increasing or decreasing the total cardiac output as well as by locally increasing
or decreasing the tissue perfusion. Blood transports substances to the sites where they are
needed (e.g., nutrients and oxygen to tissues) or removes substances from tissues for dis-
posal (e.g., uric acid and carbon dioxide). At these sites substances therefore have to cross
the vascular barrier to reach the tissue cells or the blood, respectively. In general, this hap-
pens at the smallest blood vessels, the capillaries. You will learn how blood supply to these
capillaries is locally regulated and by which mechanisms the different blood components
can be transported though the vessel wall. You will also see that the described mechanisms
may differ between different organs/tissues, and you will be provided with examples on
how they can be adapted according to actual needs. Furthermore, you will learn that in
some organs, the circulatory system fulfills special functions relevant for the whole organ-
ism (e.g., urine formation in the kidney).

3.1 Introduction

The morphological and functional characteristics of the heart and the blood vessels have
been described in detail in » Chaps. 1 and 2, respectively. This chapter deals with the regula-
tion of tissue perfusion, in other words with mechanisms how the body distributes blood to
different organs/tissues to meet their actual needs. The needs of the organs for oxygen and
nutrients are not constant but depend, e.g., on the activity of the organ. A typical example for
an organ that needs much more energy and therefore much more blood supply when active,
is the skeletal muscle. At physical exercise blood supply to the muscles increases dramatically.
This cannot be accomplished simply by increasing the total cardiac output but also needs
redistribution of blood from organs with lower needs to the working skeletal muscles.

Blood vessels of the different organs and tissues in the body are arranged in parallel.
In general, this allows regulation of regional perfusion in an organ—/tissue-specific manner
independent from the rest of the body. To understand how the body distributes blood to
different parts of the body, a few physical principles have to be considered (see » Sect. 3.2).
It should also be mentioned that blood vessels do not have the same characteristics in all
organs, e.g., they may be differently equipped with receptors for substances mediating vaso-
dilation or vasoconstriction. This may be related to differences in the embryonic origin of
vascular smooth muscle cells as outlined in » Chap. 5 by J. Wojta. The basic principles of the
regulation of blood vessel diameter are discussed in » Sect. 3.3. Also the permeability of the
capillary wall is not the same throughout the body. For example, capillaries in the brain are
very tight, whereas capillaries in the liver have wide “pores,” which allow even proteins to get
out of the blood vessels and to reach the liver cells. The permeability of the capillaries and
the transport of gases, fluid, solutes, and macromolecules through the capillary wall will be
discussed in » Sect.3.4. In » Sect. 3.5 we describe examples of some organs, in which perfu-
sion fulfills special functions in addition to providing oxygen and nutrients to the tissues.

We would like to emphasize that the purpose of this chapter is to give an introduction
to basic principles in the physiology of blood vessels. It therefore simplifies very complex
mechanism with the aim to make readers who don’t have a physiological background
aware of these principles. For deeper understanding and knowledge, readers are referred
to current textbooks of physiology [1-3].
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3.2 Physics: Some Basic Principles Relevant for the Circulatory
System

Although blood vessels and their content (blood) are more complex than ordinary pipes
filled with water, some general physical principles apply to blood vessels as well. Some of
these principles and their relevance for the regulation of local blood supply are discussed
in this section. As shown in @ Fig. 3.1, the blood flow through a vessel is proportional to
the pressure gradient (AP) along the vessel and indirectly proportional to the resistance
(R). Since the resistance is inversely proportional to the 4th power of the radius, also the
blood flow increases in proportion to the 4th power of the vessel radius. This implies that
minor changes in vessel diameter result in large changes of perfusion through this vessel.

Gradient (AP) Py

P Pressure Gr. Blood Flow (Q)
T1r4

Q= AP-1-r

8n:l
I <—— length() ———> I Poiseuille’s law

. . Capillaries .
Arteries Arterioles Venules Veins
Organs

Serial resistance:

R R +R +R +R

Total — MArteries Arterioles T RCapillaries Venules Veins

1 T 1 1 1
= —+—+—+—

Parallel resistance: R
Total R; R, Rz Ry

O Fig. 3.1 Flow and resistance of blood vessels. For explanations see text
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By decreasing or increasing the diameter of blood vessels, the body can redistribute blood
to those organs/tissues that are in current need. Decreasing or increasing vessel diameter
is mediated by contraction or relaxation of vascular smooth muscles, respectively.

Box 3.1
The blood flow is proportional to the fourth power of the vessel radius. This means that small
changes of the vessel diameter have a dramatic effect on the blood flow

As can be seen from @ Fig. 3.1 (upper part), the resistance that a blood vessel opposes to
blood flow depends on its radius, its length, and on the viscosity of the blood inside the
vessel. Therefore, also the blood flow through a vessel depends on these parameters. This
holds for a single vessel, but what about the whole network of blood vessels in the body
and the resistance of this network? When blood vessels are connected in series, their total
resistance is the sum of the resistances of each individual vessel as shown in B Fig. 3.1
(lower part, equation underlaid in light green). When vessels are arranged in parallel - as
are the vessels supplying blood to the different organs - the total resistance is lower than
the lowest individual resistance of a single vessel as shown in @ Fig. 3.1 (lower part, equa-
tion underlaid in light blue). This equation also implies that the more vessels are involved
in forming a parallel network, the lower the total resistance of the network. In the body
the microvasculature forms a large network of parallel vessels.

Another parameter to consider is the flow velocity in different parts of the circula-
tory system. Since the flow (volume/time) has to be the same at all cross sections of the
vascular tree (e.g., the flow in aorta has to be the same as the flow in the collectivity of
all perfused capillaries), the flow velocity decreases with increasing total cross-sectional
area of the vascular bed. This fact is expressed in the so-called continuity equation:
Qi = A, *v, = A*v, = A*v, and so on, where A, are the cross-sectional areas and
V. ,;are the corresponding flow velocities at the different cross sections. Low flow velocity
in capillaries offers optimal conditions for the exchange of substances between blood and
tissues (see also » Sect. 3.4).

0 Question 1
Which increase in blood flow can you expect when the radius of a blood vessel is
increased by 20%?

3.3 Regulation of Microvascular Perfusion/Blood Vessel Diameter

The microvasculature comprises arterioles (1st to 4th order), capillaries, and venules (1st
to 4th order). The capillaries and small venules are the sites where gases, nutrients, water,
signaling molecules, and others can be exchanged between blood and tissue cells. In some
organs the microvasculature fulfills additional special functions such as urine formation
in the kidney or gas exchange in the lungs (see » Sect. 3.5). The cardiac output is distrib-
uted by the arterial blood vessels to the different organs. The regulation of blood supply
according to the needs of the organs is a function of the microvasculature and is accom-
plished by smooth muscle cells of small arteries and arterioles. Smooth muscle cells of
these vessels always exhibit a certain stage of active tension/contraction (“basal tone”

This tone can be increased or decreased by different stimuli, which thereby modulate the
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diameter of the vessel. As compared to arterial blood vessels, veins have very little basal
tone, and therefore there is very little influence of vasodilators on the diameter of these
vessels. Both, contraction and relaxation of vascular smooth muscle cells can be induced by
a variety of stimuli. These stimuli can be neuronal, humoral (through circulating media-
tors), or mechanical. The common mechanism of vascular smooth muscle contraction is
either an increase in intracellular, cytosolic Ca**, which binds to calmodulin and triggers
the activation of the myosin light-chain kinase (MLCK) and phosphorylation of the myo-
sin light chain, or a direct activation of proteins mediating phosphorylation of the myosin
light chain. Phosphorylation of the myosin light chain is necessary for its ATPase activity;
and cleavage of ATP is necessary for the contraction itself. A few intracellular second mes-
sengers mediate contraction or relaxation of vascular smooth muscle cells depending on
their concentrations. These are:

Changes in the intracellular Ca**-concentration (1, contraction; |, relaxation)

Changes in intracellular cAMP-concentration(T, relaxation; |, contraction)

Changes in intracellular cGMP-concentration (1, relaxation; |, contraction)

The intracellular pathways triggered by the changes of these second messengers are
described in detail by J. Wojta in » Chap. 5. Some stimuli that activate one of these intra-
cellular second messenger pathways and thereby cause vasoconstriction or vasodilation are
summarized in @ Table 3.1.

As outlined in @ Fig. 3.1 (Poiseuille’s law) a small change in diameter causes a dramatic
change in the resistance and therefore in the blood flow to the organ/tissue served by
these vessels. Although all blood vessels (except capillaries) have a layer of smooth muscle
cells, smooth muscle cells of different arterial vessels don’t behave in the same way. There
are tonic vessels (e.g., aorta, efferent arterioles in the kidney) and vessels with a phasic
phenotype (e.g., small resistance vessels, afferent arterioles in the kidney). In addition to
these differences, there are also differences in the magnitude of response to vasoconstric-
tors/vasodilators.

Small arteries and arterioles are able to regulate their diameter and thereby the blood
flow by themselves (autoregulation). This autoregulation can occur as a response of the
vascular smooth muscle cells to intraluminal pressure changes (myogenic autoregulation)
[4] or as a response to metabolic changes in the tissue surrounding the vessels (metabolic
autoregulation) [5]. The susceptibility for autoregulatory stimuli and the strength of the
response are not the same for every vascular bed.

Box 3.2

Note: Arteries and especially veins do not behave like rigid pipes. Their wall can be stretched
when the pressure inside increases. On the other hand, vascular smooth muscle cells especially
in arteries can react to increased pressure by contraction thereby decreasing the diameter and
keeping the flow constant despite an increased pressure gradient

3.3.1 Myogenic Autoregulation

According to Poiseuille’s law, the flow through a blood vessel depends on the pressure
gradient across the vessel and its diameter. This means that the flow would increase,
when the pressure gradient increases (and vice versa). The flow also increases, when
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B Table 3.1 Mediators causing contraction or relaxation of vascular smooth muscle cells

Vasoconstrictors (in alphabetical order)

Increased intracellular Ca** Decreased intracellular cAMP

ADH (vasopressin) Catecholamines (via alpha-2-adrenorecep-
tors in some vessels)

Angiotensin Il Neuropeptide Y (NPY)

Catecholamines (via alpha-1-adrenore-
ceptors in most vessels)

Endothelin
Serotonin? (if not acting on endothelial cells)

Stretch (via stretch-activated
cation channels)

Thromboxane A,
Vasodilators (in alphabetical order)

Decreased Increased cAMP Increased cGMP
intracellular Ca**

Adenosine Adenosine Atrial natriuretic peptide (ANP)

Atrial natriuretic Catecholamines (via beta-2- NO (NOis generated by

peptide (ANP) (epinephrine) adrenoreceptors various stimuli such as
in many vessels) acetylcholine, bradyki-

nin, serotonin? or shear
stress in endothelial
cells and diffuses to
smooth muscle cells)

Prostacyclin Histamine
(PGIZ), prosta-
glandin E, (PGE,)

Vasoactive intestinal
peptide (VIP)

aSerotonin can act both as a vasodilator and as a vasoconstrictor. This depends on the condition
of the endothelial cells. In healthy vessels serotonin leads to a vasodilation because of a NO
release by the endothelial cells. However, if endothelial cells are injured, the constricting effect on
the smooth muscles cells outweighs the vasodilating effect

the mean hydrostatic mean pressure rises because of stretching of the vessel wall. With
blood vessels this can be observed only during the first few minutes of pressure change.
Thereafter the blood flow returns to the initial values. The reason is that smooth
muscle cells contract. The result is a decrease in vessel diameter. This autoregulation
of vascular diameter is an intrinsic property of vascular smooth muscle cells and is
independent of autonomous innervation or the endothelium. This so-called Bayliss
effect [named after the English physiologist William Bayliss (1860-1924)] guarantees
maintenance of constant tissue perfusion at varying systemic blood pressure levels.
In addition, it also prevents overstretching of vessels due to the influence of hydro-
static pressure, especially in the arteries of legs and feet while standing. The molecular
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mechanism responsible for this effect includes stretch-induced smooth muscle cell
depolarization, opening of voltage-gated Ca**-channels, and increase in the intracel-
lular Ca** concentration [6].

3.3.2 Metabolic Autoregulation

It can be observed in many tissues that an increased rate of energy metabolism of an
organ/tissue is accompanied by increased perfusion (= increased blood flow). The best
known example is the working skeletal muscle. There is a clear association between oxy-
gen consumption and blood flow. Following are some metabolites/metabolic changes that
have been shown to cause vasodilation: decrease in oxygen and intracellular ATP, increase
in CO,, [H'], and extracellular [K*]. To assure increased tissue perfusion, it is important
that vasodilation does not only occur directly at the site where the metabolites accumulate
but also upstream of this site. This upstream vasodilation is mediated by direct conduction
along the vessel wall. Electronic conduction via the gap junctions of the smooth muscle
cells seems to play a role in this upstream spread of vasodilation, but also the increased
flow, which causes the release of vasodilators like NO and H,S from endothelial cells of
upstream vessels, has been made responsible.

3.3.3 Autoregulation by Red Blood Cells

While it sounds reasonable that the demand for oxygen (O,) is one of the major regulators
of tissue perfusion, it is much less clear how decreased O, increases blood supply to tis-
sues. Recently, there is increasing evidence that red blood cells, the O,-transport vehicles
in blood, most likely also act as O,-sensors. In red blood cells, O, is reversibly bound to
hemoglobin. Decrease in the O, concentration in peripheral tissues results in the release
of O, from hemoglobin. Released O, freely diffuses through the plasma and the vascular
wall to the tissues following its concentration gradient. Diffusion is not restricted to cap-
illaries but also occurs in upstream vessels. As a consequence hemoglobin in red blood
cells in the periphery of blood vessels is less saturated than hemoglobin in red blood cells
in the central blood stream (B Fig. 3.2, left side). For hemodynamic reasons and under
conditions of laminar flow, the concentration and velocity of red blood cells are higher in
the center of the vessels than adjacent to the vessel wall. At bifurcations these phenomena
(i.e., less red blood cells with lower velocity and lower oxygen saturation in the vicinity
of the vessel wall) result in lower hematocrit and lower O,-saturation in the vessel with
the lower diameter (B Fig. 3.2, left side). Therefore vasoconstriction and vasodilation not
only regulate the amount of blood supply to an organ/tissue but also the O,-concentration
in the delivered blood [7]. Decreased saturation of hemoglobin causes the release of ATP
from red blood cells, which - together with its derivatives ADP and AMP - stimulates
endothelial cells to produce and release NO [7, 8] (B Fig. 3.2, right side). In red blood
cells, NO can also be released from N-nitrosohemoglobin when the oxygen saturation
of hemoglobin is decreased [9]. As outlined below and as shown in B Table 3.1, NO is a
potent vasodilator. Therefore red blood cells themselves can increase the oxygen supply
to areas of increased demand by increasing the perfusion of hypoxic tissues.
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Vasoconstriction

O,-saturation |

Basal tone

Vasodilation

- 0O, rich erythrocytes
- 0, poor erythrocytes

B Fig3.2 Red blood cells mediate oxygen-dependent regulation of vascular diameter. For explana-
tions see text. EC endothelial cells, SMC smooth muscle cells, the length of the arrows inside the blood
vessels symbolizes the flow velocity profile

3.3.4 Regulation of Blood Vessel Diameter by Endothelial Cells

The vascular endothelium, the innermost layer of the blood vessels, is an important source
of mediators for vascular smooth muscle cell contraction and relaxation: Some substances
mediate vasodilation by releasing NO from endothelial cells, although their direct action
on smooth muscle cells would cause contraction. For example, bradykinin, serotonin,
ATP, and acetylcholine act in such a way. In addition to NO, there are also other sub-
stances released from endothelial cells that mediate relaxation of vascular smooth muscle
cells and thereby vasodilation (e.g., prostacyclin). On the other hand, endothelial cells also
secrete endothelin, which is a very potent vasoconstrictor.
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3.4 Transport of Gases, Solutes, Fluids, and Macromolecules
Across the Capillary Wall

Capillaries have a single layer of endothelial cells surrounded by a basement membrane.
They have a diameter of approximately 5 pm and a wall thickness of approximately 1 pm.
The distance between capillaries and most cells is less than 10 pm. The surface area of all
capillaries of the human body as a whole would cover approximately 100 m?. This rather
huge area is necessary to allow sufficient exchange of substances with the tissue cells.
There are different types of capillaries with different characteristics of the capillary wall:

Continuous capillaries usually have small “clefts” between endothelial cells, but no
intracellular perforations (fenestrations). This type of capillary is the most common one.
It is found, e.g., in skeletal muscles. When discussing the transport of substances through
the capillary wall in the following paragraphs, we are referring to this type of capillar-
ies unless indicated otherwise. Capillaries of the brain, which form the so-called blood-
brain barrier, have no “clefts” between endothelial cells and do not allow the paracellular
transport (= transport through the space/clefts between cells) of water-soluble molecules.
Fenestrated capillaries have “fenestrations” (transcellular perforations) in their endo-
thelial cells and are surrounded by an intact basement membrane. These capillaries are
found in the intestine and in secretory glands. In addition to fenestrations, the so-called
discontinuous capillaries have a poorly structured basement membrane. The best known
example of this type of capillaries is the sinusoids in the liver. Considering these different
morphological characteristics of capillaries, it became clear that the permeability of the
barrier must be different in different vascular beds.

To get through the endothelial layer, substances can use either transcellular or paracel-
lular pathways. Whereas paracellular pathways are similar in epithelia and endothelia, the
typical transcellular pathways (= transport pathways through the cells) are only found in
endothelia, but not in epithelia.

3.4.1 Transport by Diffusion

3.4.1.1 Transport of Gases and Lipid-Soluble Substances
Gases, such as oxygen (O,), carbon dioxide (CO,), or nitric oxide (NO), and other lipid-
soluble substances can use the whole surface of the capillary wall for diffusion, based on
the fact that these molecules are apolar (O,, CO,) or almost apolar (NO) and small. There
is general agreement that they diffuse easily through phospholipid membranes. Recently
there is evidence that diffusion is not the only means of transport for gases through cel-
lular membranes. At least in some epithelial cells and in red blood cells, gases also use
so-called gas channels. Aquaporins and Rhesus proteins have been shown to function as
channels for CO, and ammonia (NH,), respectively (for review see [10, 11]).
Water-soluble substances have to use water-filled pores for crossing the capillary wall.
These are mainly small paracellular clefts (~3 nm) between adjacent endothelial cells. The
surface area covered by these water permeable pores is orders of magnitude lower than
the surface area available for the diffusion of gases. Nevertheless small water-soluble mol-
ecules can diffuse easily through theses pores, and these molecules equilibrate rapidly
between plasma and the interstitial space. Larger molecules (~10 nm or more) can be
transported through so-called large pores by transcytosis through the endothelial cells.
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3.4.2 Transport of Water and Small Solutes by Convection
(Filtration and Reabsorption)

Water crosses the capillary wall mainly by convection. Water can use transcellular (via
aquaporin 1) and paracellular routes. The concept of fluid exchange (filtration and reab-
sorption) at the capillary wall dates back to the late nineteenth century, when Ernest
H. Starling developed the so-called Starling principle (Eq. 3.1, @ Fig. 3.3).

0=K[(R-R)-0o(r,-m)] (3.1)

Q: net flow of fluid

K capillary filtration coefficient (characterizes permeability of the filtration membrane)

P hydrostatic pressure in the capillary

P hydrostatic pressure in the interstitial fluid

7 : colloid osmotic pressure of plasma in the capillary

7 colloid osmotic pressure of interstitial fluid

o reflection coeflicient (ability of membrane to prevent extravasation of solute particles)

Most physiology textbooks give the following values for fluid filtration and reabsorp-
tion in capillaries: filtration at the arterial limb of capillaries, ~ 20 1/day; reabsorption at
the venous limb of capillaries, ~16-18 1/day; and back transport of fluid via the lymphatic
system, ~2—4 1/day.

Until nowadays this Starling principle has been taught to students and is still current
knowledge in many Physiology textbooks. However, in more recent experimental studies,
it has been shown that under steady-state conditions, no reabsorption occurred upon low-
ering the hydrostatic pressure in the capillaries below the colloid osmotic pressure [12, 13].
To be in agreement with the estimated lymph flow (2-4 1/day), this would implicate that
the total body filtration in “standard” capillaries must be quite below the originally esti-
mated 20 1/day. The Starling principle takes into account hydrostatic pressures and colloid

~ Higher hydrostatic pressure in capillaries l Colloid osmotic pressure of
Hydrostatic  grives liquid from the vessel into the tissue | plasma drives liquid into the
pressure ]
Opposing |

pressure

Arterial P_~40 mmHg
end m,~ 25 mmHg

Pc~ 15 mmHg Venous
m,~25 mmHg end

Lymphatic
system

4

Net filtration | Net reabsorbtion

@ Fig. 3.3 Starling’s concept of filtration and reabsorption at capillaries. According to this model, filtra-
tion occurs at the arterial end of the capillary. Most of the fluid is reabsorbed at the venous end of the
capillary, and ~10% of the filtered fluid is transported back via the lymphatics. P_ hydrostatic pressure in
capillary, , colloid osmotic pressure of plasma mainly brought about by plasma proteins
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osmotic (=oncotic) pressures in the capillaries and in the interstitial fluid (as such, in
total). What has not been considered in the Starling model is the glycocalyx covering the
endothelial cells. There is now convincing evidence that this glycocalyx represents the true
filtration barrier. The glycocalyx at the blood exposed side of endothelial cells is composed
of proteoglycans and glycoproteins, which carry negatively charged glycosaminoglycans.
Plasma components (e.g., proteins) are also bound to these structures. Together they form
the actual filtration barrier to the “subglycocalyx space.” The tight junctions between the
endothelial cells are the outside border of the subglycocalyx space. Therefore the endothe-
lial filtration barrier is situated completely at the apical (blood) side of the endothelial layer.
Therefore the “true” hydrostatic and colloid osmotic pressures outside the capillaries are
the hydrostatic and colloid osmotic pressures of the subglycocalyx space (compartment)
[14-16]. In a revised model of microvascular fluid exchange (8 Fig. 3.4), it is assumed
that reabsorption of fluid in the venous end of capillaries only occurs for a limited time
and in situations such as hemorrhage, when the hydrostatic pressure in the capillaries is
very low (decreased). This assumption has been explained as follows: Any reabsorption
of fluid from the subglycocalyx space results in a lowering of hydrostatic pressure and
in an increase of colloid osmotic pressure in the subglycocalyx space. This terminates
reabsorption and promotes filtration. Recent experimental data suggest that most of the
filtered fluid, which seems to be much less than assumed according to Starling’s equation,
is not reabsorbed by the capillaries but removed from the interstitium and returned to the
vasculature mainly via the lymphatic vessels (see » Chap. 1) [12, 13]. Therefore lymphatics
play an essential role for the interstitial fluid homeostasis. The situation is different for
capillary beds, where large amounts of fluid are regularly absorbed (e.g., in the gastrointes-
tinal tract and in the kidney). Here large amounts of fluid are transported from epithelial
cells to the interstitial space causing increased hydrostatic pressure in the interstitial space
and favoring absorption of fluid by the capillaries.

9 Question 2
After a major hemorrhage activation of the sympathetic nervous system occurs, what
is the effect on the fluid transport in capillaries?

Box 3.3

The glycocalyx of the endothelial cells together with blood components bound to this glycocalyx
forms the filtration barrier. A pressure gradient (hydrostatic — colloid osmotic) between the intravas-
cular space and the subglycocalyx space drives fluid filtration. The subglycocalyx space is the space
between the glycocalyx and the structures forming the tight junctions between endothelial cells

When the amount of filtered fluid exceeds the amount of fluid reabsorbed by the lymphat-
ics, fluid accumulates in the interstitial space. This fluid accumulation is called edema.
Edema formation can therefore occur when filtration is increased and/or when the drain-
age via the lymphatic system is decreased.

Box 3.4

An edema is the accumulation of excess fluid in the interstitial space. Edema formation occurs
when the amount of fluid filtered from the blood vessels exceeds the amount of fluid returned to
the blood vessels by the lymphatics



77
Regulation of Tissue Perfusion and Exchange of Solutes, Macromolecules...

IE' Hydrostatic
pressure

Net fluid movement is filtration

Opposing
pressure

Arterial P.~40 mmHg
end  m_~25mmHg

T

Lymphatic

system
|E Hydrostatatic pressure (P_) O O Opposing pressure (P g+, )
O
(OProteins O
O O
Subglycocalyx space
R4 yXsp Reabsorption |~ 10 hm
ansient)
i
) O
&) Net fluid movement Lymphatic
system

O Fig. 3.4 Revised concept of filtration and reabsorption at capillaries. Panel a: Filtration is less than
assumed in the Starling model, and most of the filtered fluid is cleared away by the lymphatic system.
Panel b: The “true” filtration barrier is the glycocalyx, which is located on the luminal surface of the
endothelial cells and therefore completely inside the endothelial barrier. P_hydrostatic pressure in capil-
lary, PSg hydrostatic pressure in subglycocalyx space, L colloid osmotic pressure of plasma, Ty colloid
osmotic pressure in subglycocalyx space, TJ thight junction with clefts allowing transport of fluid and
small solutes

0 Question 3

Edema is the accumulation of fluid in the interstitial space. What can lead to edema
formation? Explain at least three mechanisms.
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3.5 Vascular Control in Special Vascular Beds

Vascular beds in some organs have to fulfill special functions for the whole organism
in addition to supplying the organ with nutrients and oxygen. Some examples are given
below.

3.5.1 Lung

The main function of the lung is the gas exchange between blood and the air in the
alveoli. With respect to the circulation and blood supply, the lung is different from other
organs of the body. It gets the complete cardiac output (~5 /min) delivered by the right
ventricle of the heart, in other words the same amount of blood as delivered to the collec-
tivity of all other organs by the left ventricle. Blood vessels of the pulmonary circulation
are much thinner and have much less smooth muscle cells in their walls as compared
to vessels of the systemic circulation. They subdivide into branches within a very short
distance. They are very compliant (distensible) and can be compressed easily. Their total
resistance is much lower than the total resistance of the systemic vessels. Therefore a
much smaller pressure gradient is needed as compared to the systemic circulation. Due
to their anatomical location, pulmonary vessels are also influenced by pressure changes
in the thorax due to respiration. Also gravity has some effect on pulmonary perfusion:
in an upright position, the lower parts of the lung are in general better perfused than the
upper parts. However, recent data suggest that the effect of gravity on lung perfusion is
much less pronounced than indicated in Physiology textbooks [17]. For optimal satura-
tion of blood with oxygen, it is important that only those alveoli, which are sufficiently
ventilated, are perfused with blood. Perfusion of poorly ventilated alveoli would result
in decreased oxygen saturation of blood returning from the lungs. To fulfill this require-
ment, arterioles in the lung constrict, when exposed to low oxygen (hypoxic vasoconstric-
tion), which is exactly the opposite of what is usually seen in blood vessels of the systemic
circulation.

3.5.2 Kidney

The kidney gets approximately 20% of the cardiac output, i.e., ~1.2 1 blood per min. Urine
formation is achieved by filtration of a large amount of plasma in the capillaries of the
glomerula and subsequent unregulated and regulated reabsorption of most of the solutes
and water back to the circulatory system. The kidney has actually two capillary networks
arranged in series: the first forms the glomerular capillaries and the second the peritubular
capillaries. Blood supply to the capillaries as well as the pressure in the glomerular capil-
laries is kept constant over a wide range of systemic blood pressure. This is accomplished
by special properties of the blood vessels: the inflow as well as the outflow from the glo-
merular capillaries occurs via arterioles. The diameter of these arterioles can be adjusted
independently from each other. The glomerular capillaries themselves are very permeable
to water and solutes smaller than albumin allowing filtration of ~180 1/day. Due to the
high filtration rate, the colloid osmotic pressure in the post-glomerular vessels and in
the second capillary network is higher than at the venous end of other capillaries. This
facilitates the reabsorption of filtered fluid from the renal tubules into these capillaries.
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3.5.3 Skin

The human skin plays an essential role in the regulation of the body temperature, since it is
the major site of heat dissipation. With the circulatory system, heat is transported from the
inner parts to the surface of the body. From the body’s surface, excess heat can be emitted
by radiation, conduction, and convection. Therefore the perfusion of the skin is mainly

regulated by the requirements of body temperature control.

— Take-Home Messages

Blood supply to organs/tissues is regulated according to current (metabolic)
needs.

Blood flow through a vessel is directly proportional to the pressure gradient
along the vessel and indirectly proportional to the resistance opposed by the
vessel. This resistance is indirectly proportional to the forth power of the vessel
radius. Therefore small changes in vessel diameter cause dramatic changes in
blood flow.

Blood supply to different organs/tissues is locally regulated by increasing or
decreasing the diameter of blood vessels. This is achieved by relaxation or con-
traction of vascular smooth muscle cells, respectively.

Regulation of vascular smooth muscle contraction/relaxation can be triggered
by neuronal stimuli from the autonomous nervous system (not described in
this chapter), by mechanical stimuli (stretch), by local metabolites, by circulat-
ing mediators, and by the oxygen content of red blood cells.

Capillaries and small venules are the sites where substances can be exchanged
between blood and interstitial tissue. Depending on the nature of the sub-
stance, passage through the vascular wall can be accomplished by diffusion
and/or by convection (i.e., filtration and absorption).

Capillaries in different organs/vascular beds may have different permeability;
e.g., capillaries (sinusoids) in the liver are very leaky, whereas capillaries in the
brain are very tight.

In“standard” capillaries fluid and small solutes leave the vasculature by
pressure-dependent filtration; fluid is returned to the blood vessels mainly via
the lymphatic vessels. In “special” capillary beds (e.g., in the intestine or in the
kidney), fluid is directly (re)absorbed from the interstitial space into the capil-
laries.

Blood vessels in some organs fulfill additional special functions, e.g., urine for-
mation in the kidney, heat dissipation in the skin, gas exchange in the lung.

3.6 Answers to Questions

o Question 1: Ca. 100%

o Question 2: Extreme activation of the sympathetic nervous system causes strong vaso-
constriction in the arterioles. This decreases the hydrostatic pressure in the capillaries,
and fluid can be transiently reabsorbed from the interstitial space.
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@ Question 3: Edema formation occurs when the amount of fluid filtered in the capillar-

ies exceeds the amount of fluid reabsorbed by blood and lymphatic vessels. Mecha-
nisms: (i) increased filtration because of increased capillary pressure and/or decreased
intravascular colloid osmotic pressure (e.g., plasma protein deficiency); (ii) decreased
reabsorption due to lymphatic dysfunction or lymphatic overload; (iii) increased vascu-
lar permeability (e.g., in inflammation).
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What You Will Learn in This Chapter
About the role of nitric oxide (NO) that is generated enzymatically in EC and how it acts on
smooth muscle cells (SMC) to cause vasorelaxation.

A general overview over acute and chronic inflammation, how the endothelium reacts to
inflammatory stimuli, and how leukocytes transmigrate through the endothelium.

How the large number of genes with specific functions are (up)regulated in EC during the
inflammatory response and how the reaction is terminated/resolved.

Due to its strategic localization on the interphase between the bloodstream and the underly-
ing tissue, it is evident that everything that needs to pass between these two compartments
has to cross the endothelial cell barrier. This includes oxygen, nutrients, proteins, molecules
of different size, and also cells of the immune system. It has been increasingly recognized that
the endothelium, although only a monolayer of cells, is not just a passive inner lining of the
blood vessels but controls very actively the passage of many of these agents. During the
inflammatory response, the endothelium changes its properties fundamentally from a previ-
ously quiescent to an activated phenotype by synthesizing a wide variety of cytokines, chemo-
kines, and adhesion molecules that mediate the attachment and transmigration of leukocytes.
The same holds true for another important function, namely, the maintenance of an antico-
agulant surface that is changed to procoagulant when necessary. A third main function is the
regulation of the vascular tone through the generation of nitric oxide (NO) and other endo-
thelium-derived vasoactive agents, which act on the underlying smooth muscle cells.

This chapter will focus on these functions, leaving apart others that are equally important
such as proliferation, migration, death and survival, renewal through stem cells, angiogen-
esis and vasculogenesis, metastasis, homing of lymphocytes, or the heterogeneity between
endothelial cells (EC) in arterial, venous, and lymphatic vessels, in different organs (e.g.,
brain, lung, kidney) and in tumors; these are covered by other chapters within this book.

4.1 Endothelial Function and Dysfunction: Nitric Oxide (NO)
and the Control of the Vascular Tone

Although the endothelium fulfills many different functions (as described above), endo-
thelial dysfunction is often and historically used in a more narrow sense to describe its
disability to promote relaxation of smooth muscle cells. Several endothelium-derived fac-
tors can regulate the vascular tone, the most prominent being NO, the molecule of the
year 1992 and the topic of the Nobel Prize in 1998. NO is generated from L-arginine that
is oxidized to citrulline by the enzyme endothelial nitric oxide synthase (eNOS). EC also
express an inducible form of NOS (iNOS) in response to pro-inflammatory stimulation
[1]. NO as a diffusible gas can then act on SMC where it activates guanylate cyclase result-
ing in increased cGMP levels that further lead to activation of cGMP-dependent kinases,
decrease of intracellular calcium, and activation of potassium channels, all resulting in
SMC relaxation (B Fig. 4.1). Furthermore, it can s-nitrosylate cysteine residues in pro-
teins, e.g., NF-kB, leading to dampening of their activity [2]. It is conceivable that NO
would also act on target proteins at its site of generation, the EC. eNOS is activated by
shear stress (in its laminar form), adenosine, serotonin, bradykinin, and also hypoxia (via
VEGF induction). However, eNOS can switch under certain circumstances to produce
reactive oxygen species (ROS), which have the opposite effects and result in EC activation
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O Fig. 4.1 Generation and functions of NO: In response to stimulation by different agents, nitric oxide
synthases (NOS) are activated and generate NO through oxidation of L-arginine to L-citrulline. NO
diffuses to SMC and causes relaxation through different pathways. Part may be inactivated by conversion
to, e.g., peroxonitrite (ONOO")

instead of silencing. This phenomenon is termed eNOS uncoupling [3]. Amyl nitrite and
nitroglycerin are NO donors and have been used as drugs for short-term vasorelaxation.

Other vasoactive factors produced by the endothelium include prostacyclin (a vasodi-
lator generated by the enzyme cyclooxygenase), and the vasoconstrictors endothelin, pros-
tanoids, and angiotensin-converting enzyme (ACE) that cleaves angiotensin-I to -II. ACE
inhibitors are widely used as drugs for the treatment of high blood pressure.

4.2 Inflammation

4.2.1 Acute Inflammation

The acute inflammatory response is essentially a beneficial reaction of the organism to
various kinds of noxae. These can be either microbial (bacterial or viral) but also physical,
chemical, or mechanical stimuli, e.g., UV or y-irradiation, burn, frost bite, trauma, tissue
necrosis, these latter being termed sterile inflammation. Inflammation has already been
described by the ancient Romans who have introduced the four cardinal signs, namely,
calor, rubor, tumor, and dolor (heat, redness, swelling, pain), that reflect mainly vascular
effects (Aulus Cornelius Celsus, De Medicina, AD 25). B Box 4.1 summarizes the vascular
effects that happen during inflammation. Later, Virchow has added a fifth sign, functio
laesa (loss of function). However, the response is not limited to the endothelium but
includes a wide variety of other cells such as neutrophils, macrophages, mast cells, plate-
lets, fibroblasts, soluble mediators secreted by these cells, and other structures like the
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extracellular matrix (@ Fig. 4.2). The activation phase involves neutrophils that are first
attracted to fight microbia through the generation of reactive oxygen species (ROS), fol-
lowed by macrophages that engulf them and present antigens, a prerequisite for the adap-
tive immune reaction. At a later stage, they also remove neutrophils, and a repair process
(resolution phase) begins that involves fibroblast proliferation and the expression of IL-10
and of TGFR for wound healing through promotion of, e.g., collagen synthesis, and the
secretion of VEGF for the generation of new blood vessels [4].

Box 4.1: Summary of Vascular Events During Inflammation

Vasodilation

= Relaxation of the smooth muscle cells results in increased blood flow into the capillaries.

= |ncreased tissue perfusion causes redness (rubor) and warmth (calor). Warmth is also
generated by increased metabolic activity of the involved cells.

Vascular permeability

= (Capillaries become leaky, allowing more fluid (blood plasma) to exude into the connec-
tive tissue spaces.

= The fluid buildup is causing edema and is visible as swelling (tumor).

Pain and/or itching
== (dolor) is caused by the action of chemical agents (e.g., prostaglandins) released by different cells.

Emigration of leukocytes

= Expression of adhesion molecules on EC and secretion of chemoattractants promote the
adhesion and transmigration of leukocytes into the inflamed tissue. A combination of
vasodilation with thickening of the blood (due to fluid leaking out of the vessels) causes a
slowing of the flow rate and helps leukocytes to stick to the sides of the vessels.
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4.2.2 Chronic Inflammation

It is conceivable that such a powerful response as the inflammatory needs to be tightly
controlled, since its destructive power may easily turn against structures of the organism.
This is essentially what happens in chronic inflammation. Chronic inflammation is a hall-
mark of several diseases including those of the skin (psoriasis, atopic dermatitis), the
intestine (Crohn’s disease, ulcerative colitis), the joints (rheumatoid arthritis), the lung
(asthma), the central nervous system (Alzheimer, multiple sclerosis), and last but not least
the blood vessels (arteriosclerosis), as well as others. Unfortunately, it is very poorly
understood how acute inflammation may turn into a chronic state and, above all, that
chronic inflammation is more refractory to treatment as compared to its acute form. One
simple explanation is that the initiating stimulus persists, is either not efficiently removed,
or is constantly re-generated. The other possibility is that the resolution phase is not or
inappropriately initiated or conducted, i.e., mechanisms of downregulation are failing.
Such mechanisms exist in the endothelium and will be described below.

4.2.3 Endothelial-Leukocyte Interactions During Inflammation

At a site of infection, foreign structures such as bacterial lipopolysaccharide (LPS) or
altered self are recognized by a variety of different receptors, e.g., the toll-like receptor
(TLR) or nucleotide oligomerization domain (NOD) family, depending on the nature of
the noxae. Danger signals are generated (interleukins, TNF or, in the case of sterile inflam-
mation, high-mobility group binding protein B1 (HMGB1), a nonhistone DNA-binding
protein released by necrotic cells) that act on nearby EC. In other settings such as hyper-
lipidemia or diabetes, EC can be directly activated by these or other stimuli, e.g., oxidized
lipids, advanced glycation end products (AGE), or also by turbulent flow at certain areas
of the vascular bed, e.g., bifurcations. EC respond by the expression of a plethora of cyto-
kines, chemokines, adhesion molecules, and pro-inflammatory molecules (but also of
others; see below) that lead to the attraction, binding, and transmigration of leukocytes
into the underlying tissue and to their migration to the site of infection.

The first step in leukocyte-endothelial interaction is the so-called rolling, where leuko-
cytes (e.g., neutrophils) adhere only lightly to the endothelium, detaching and reattaching
to result in the name-giving phenomenon. An electron microscopic view of leukocytes
attaching to the endothelium is shown in @ Fig. 4.3. It can be nicely observed through intra-
vital microscopy, and a view of corresponding videos on YouTube or else is highly recom-
mended (» http://www.youtube.com/watch?v=QCXpqT4_3bQ&feature=related). This initial
low-affinity adhesion is regulated by two members of the selectin family of cell adhesion
molecules, P-selectin and E-selectin. Whereas E-selectin is synthesized de novo and
requires gene expression, P-selectin is released from Weibel-Palade bodies and is therefore
available within minutes (but is also resynthesized). Selectins bind to their counter recep-
tors PSGL-1 (P-selectin glycoprotein ligand) and ESL-1 (E-selectin ligand), respectively, on
leukocytes through their N-terminal lectin homology domain. This domain recognizes
specific carbohydrate structures (sialyl Lewis X) on their counter receptors.

This initial binding has effects on the neutrophil: engagement of the counter receptors
as well as presentation of chemokines by EC evokes a structural change of integrins on
leukocytes [6]. Integrins represent a large family, are composed of two non-covalently
bound chains (« and 3), and link the extracellular matrix to the cytoskeleton. In this con-
text, the 32 integrins LFA-1 (lymphocyte function-associated antigen 1) and MAC-1
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DO Fig. 4.3 Lymphocytes bind to the surface of a high endothelial venule. (Reproduced by permission
from [5]; © Sociedad Espaiola de Cardiologia (2009))

(macrophage 1 antigen) on neutrophils and macrophages, respectively, and the 31 integ-
rin VLA-4 (very late antigen) on leukocytes are operative. These structural changes of the
integrins (inside-out signaling) lead to an increase in their affinity that enables binding to
their counter receptors on EC, which are in this case ICAM-1, ICAM-2, and VCAM-1.
These are members of the immunoglobulin family that are characterized by several repeats
of their respective Ig-loop structures. ICAM-1 and VCAM-1 are inducibly expressed,
whereas ICAM-2 is constitutively present on EC. These receptor pairs mediate the firm
adhesion between leukocytes and EC. The different phases of rolling, adhesion, and trans-
migration are depicted in @ Fig. 4.4. Again, viewing a video animation is illustrative (e.g.,
> https://www.youtube.com/watch?v=LB9FYA07SJU).

The third step is the transmigration of the leukocyte through the endothelium. This is
a complex multistep process that involves the sequential association, dissociation, and
interaction of cell surface receptors but also intracellular proteins, as it is conceivable that
such a process will require reorganization of the cytoskeleton of both the leukocyte and
the endothelial cell. Again, it should be emphasized that diapedesis is from the view of the
endothelium not a passive process where leukocytes kind of digest their way through the
monolayer but that EC actively contribute.

The very first steps toward transmigration actually take place already during the
process of rolling (8 Fig. 4.5), since E- and P-selectin are coupled to cortactin, one of the
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O Fig. 4.5 Comparison of leukocyte extravasation by the pericellular (left) and transcellular (right)
route. The involved molecules are described in the legend. (Reproduced by permission from [8]; ©The
American Association of Immunologists, Inc. (2015))

several actin-binding proteins (ABPs). ABPs have important functions by connecting to
actin and thereby influencing cytoskeletal changes. Upon firm adhesion, more ABPs are
recruited that bind also to the intracellular domains of ICAM-1 and VCAM-1. These
include filamin B, a-actinin, and ERM proteins (ezrin/radixin/moesin) [8]. At this stage
EC can extend membrane structures that engulf leukocytes that adhere and lead to the
formation of so-called docking structures, cups, or domes [9-11] (8 Fig. 4.6). Likewise,
neutrophils search the EC surface for “soft spots” that contain less actin filaments using
“invadosome-like” protrusions [12]. Consecutively, signaling cascades (Ca2*, src, small
GTPases Rho, Rac) are activated, leading to cytoskeletal remodeling. Other ABPs such
as the cytoskeletal linker ZO-1 and a-catenin that connect tight junctions and adherens
junctions to the cytoskeleton are disassembled, resulting in opening of these junctions,
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O Fig. 4.6 Endothelial “dome” formation through engulfment of adherent leukocytes by EC. Electron
micrographs (left) and schematic representation (right). a, Crawling neutrophil with podosome-like
protrusions (arrows) invaginating the endothelium. b, “dome”-like structures (arrows) in vivo may be
formed from docking structures or transmigratory cups. Abbreviations: e endothelial cell, n neutrophil, L
lumen, arrows depict EC that that engulf the neutrophil. (Reproduced by permission from [14]; ©The
American Association of Immunologists, Inc. (2008))

including disassembly of the VE-cadherin-catenin complex. This is a prerequisite for
several homo- and heterotypic interactions between leukocyte and EC surface recep-
tors, including JAM-A, CD99, and PECAM-1 (platelet-endothelial cell adhesion mole-
cule, CD31). The latter is expressed not only on these cells but also on macrophages,
Kupffer cells, granulocytes, lymphocytes (T cells, B cells, and NK cells), megakaryo-
cytes, and osteoclasts; like ICAM-1 and VCAM-1, it is a member of the immunoglobu-
lin family. PECAM-1 signals to activate leukocyte integrins that share a common 31
chain but also proteases (NE, neutrophil elastase; MMP-9, matrix metalloproteinase).
These molecular interactions between leukocytes and EC and the formation of acto-
myosin stress fibers are thought to pull the leukocyte through the gap between the
EC. Last but not least, leukocytes have to find also gaps between pericytes and to digest
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the basal membrane using the abovementioned proteases to move further into the tissue
where they follow a chemotactic gradient toward the site of inflammation. Mechanisms
to prevent vascular leakage need to be operative during transmigration and involve the
expression of LSP-1 (lymphocyte-specific protein 1), a protein expressed on EC during
dome formation [13].

However, in contrast to this pericellular diapedesis, leukocytes can also use an alter-
native route, namely, passage through the EC (transcellular diapedesis). Here, the ini-
tial steps such as formation of the transmigratory cup are similar; however, a
transmigratory pore is then formed due to ICAM-1 being internalized within a ring of
caveolin-1-enriched caveolae. Transmigrating cells extend protrusions into this pore
and are transcytosed toward the basal side. It is estimated that this route is used only to
a minor extent, but this may vary depending on pathophysiological settings such as
barrier strength, which can in turn be influenced by histamine or TNF-induced stress
fiber formation [15]; also, organotypic differences in EC may play a role. For further
reading, see [8].

4.3 Molecular Mechanisms of Inflammation

Researchers have from very early on studied the gene expression repertoire of EC stimu-
lated with TNE, IL-1, LPS, or other pro-inflammatory mediators and analyzed mRNA
levels using differential screening, differential display, microarrays, or RNASeq depending
on technical progress. As a result, several hundred genes (depending on where the thresh-
old for induction is set) were found to be up- but also downregulated [16]. These include
primarily the pro-inflammatory cytokines, chemokines, and their receptors (IL-1, IL-6,
IL-8, CXC, and CCL families), as well as cell adhesion molecules (E-selectin, ICAM-1,
VCAM-1) that mediate the chemoattraction and adhesion of leukocytes as described
above. Also, genes related to coagulation such as tissue factor and plasminogen activator
inhibitor (PAI-1) are found that relate to the switch from anti- to procoagulant properties
during inflammation. However, also genes that mediate proliferation or the inhibition of
apoptosis (programmed cell death) were discovered. During proliferation and migration,
EC loosen their contact to other cells and the extracellular matrix (ECM) and are prone to
a special form of cell death (anoikis, the Greek word for homelessness). Anti-apoptotic
genes (IAP, inhibitors of apoptosis gene family) protect EC during this process. Proliferative
genes include the immediate-early genes c-jun and c-fos; the growth factors GM-CSE
G-CSF, and to a lesser extent vascular endothelial growth factor (VEGF); as well as matrix
metalloproteases that are required for ECM degradation. Also, SOX18, a transcription
factor that is downregulated in this setting, falls into this category. SOX18 controls lym-
phatic vessel development but also vascular permeability and the expression of guidance
molecules that are necessary for directed vessel growth. It might be that during inflamma-
tion, a less directed growth of vessels takes place, e.g., in solid tumors. Moreover, genes
encoding other transcription factors are expressed, e.g., members of the nuclear hormone
(NR4A) and early growth response (EGR) families, which evoke a secondary wave of gene
expression. Taken together, upon pro-inflammatory stimulation, EC express not only pro-
inflammatory genes as can be anticipated but also others that reflect distinct functions
that are also necessary during this process, including proliferation, apoptosis, survival, cell
and tissue dynamics (migration), and metabolism. A selection of relevant genes is given in
O Table 4.1.
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O Table 4.1 A selection of genes and associated functions (mostly) upregulated upon
pro-inflammatory stimulation of EC

Interleukins IL-1, IL-6, IL-8, IL-18

Chemokines and CXCL3, CX3CL1, CXCL2, CCL8, CXCL1, CXCL6, CCL5, CXCL5, CCL4, CCRL2
receptors

Adhesion E-selectin, ICAM-1, VCAM-1

molecules

Procoagulant Tissue factor, PAI-1 (plasminogen activator inhibitor)

molecules

Anti-apoptotic IAP gene family (XIAP, clAP1, clAP-2)

Proliferation GM-CSF, G-CSF; c-jun, c-fos, VEGF, matrix metalloproteinases
Transcription Nr4a1/Nur77, Nr4a2/Nurr1, Nr4a3/Nor1; EGR1, —2, —3, ATF3, Sox18
factors

Cell and tissue RND1/Rho6, tenascin, laminin C2

dynamics

Metabolism PTGS2 (prostaglandin-endoperoxide synthase), SNARK/NUAK2 (stress-

activated kinase involved in tolerance to glucose starvation), INSIG1
(insulin-induced gene 1), KYNU (kynureninase; catabolism of Trp and the
biosynthesis of NAD cofactors), solute carrier family members

4.3.1 Regulation of Inflammatory Gene Expression
Through NF-xB

Transcription factors (TF) control gene expression through binding to specific recogni-
tion sites in the promoter region of genes. Through the years, NF-xB has emerged as a TF
of central importance for inflammatory gene expression in EC, as the vast majority of
these genes is dependent on this transcription factor. Although originally found in B cells
(the name stands for “nuclear factor binding to the kappa-light-chain-enhancer of acti-
vated B cells”), it was soon found to be operative in many other cell types, particularly in
cells of the immune system. In most cell types, NF-«B is an inducible factor that becomes
active only upon demand and is shut down afterward. As such it is well suited to mediate
transient pro-inflammatory gene expression. NF-kB consists of five family members that
form homo- or heterodimers, RelA, RelB, c-Rel, NF-xB1 (p50), and NF-xB2 (p52),
whereby the latter two are synthesized as inactive precursors (p105 and p100, respec-
tively) that require proteolytic cleavage of their C-terminal domains for activation. Also,
they do not contain a transactivation domain and act as repressors when forming homodi-
mers but are active upon hetero-dimerization with, e.g., RelA; the most common combi-
nation is this RelA-NF-xB1 heterodimer. Inhibitory proteins of the IxkB family, most
notably IkBa, can also be considered part of the family.

4.3.1.1 The Classical Pathway

The classical (canonical) pathway of NF-«B allows for very rapid activation, as the TF is
preformed in the cytoplasm but prevented from translocation into the nucleus through
complex formation with IkBa. Activation of the pathway is initiated through engagement
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O Fig. 4.7 Basic scheme of the classical (canonical) NF-kB signaling pathway. In EC, engagement of
different receptors leads through receptor-specific adapter proteins to MAP 3-type kinases (NIK, MEKKT,
Akt, TAK1) which in turn activate the signalosome (consisting of IKK-1, IKK-2, and the regulatory subunit
IKKy/NEMO. IKKs further phosphorylate IkBa, thus targeting it for ubiquitination and proteasomal
degradation. Thereby the NLS of the NF-kB RelA(p65)/p50 heterodimer is exposed, and the TF translo-
cates to the nucleus where it mediates the expression of pro- but also anti-inflammatory genes

of receptors for, e.g., IL-1, TNE or LPS, oxidized lipids, or advanced glycation end products
(AGE), and proceeds through receptor-specific adapter molecules to a common structure,
the signalosome. This consists of the two IxB kinases IKK-1 and IKK-2 (also designated
IKK-aand IKK-£3) and a third subunit, the non-catalytical IKKy (NEMO). The IxB kinases,
mainly IKK2, phosphorylates IkBa on N-terminal serine residues, which is a signal for its
K48-linked ubiquitination and degradation via the proteasome. Liberated from IkBa, the
nuclear translocation signal of RelA is exposed, recognized by the translocation machinery,
and the TF is transported to the nucleus where it can bind to its respective elements in the
promoter region of pro-inflammatory genes (8 Fig. 4.7). Although this controlled nuclear
translocation is the main step in the regulation of NF-kB, additional levels may apply
through posttranslational modifications (phosphorylation, acetylation, s-nitrosylation)
that modulate transactivation, DNA binding, or interaction with other factors such as his-
tone deacetylases or the peroxisome proliferator-activated receptors (PPARs).

4.3.1.2 The Alternative Pathway

In contrast, the alternative (or noncanonical) pathway originates at receptors, e.g., CD40
or lymphotoxin-f8 receptor, proceeds again through receptor-specific adaptors, but leads
via NIK to IKK1. The regulatory step in this pathway is the stabilization of NIK, which is
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recruited by TRAF3 to a complex composed of TRAF2, TRAF3, and cIAP1 and cIAP2
(cellular inhibitor of apoptosis). The latter constitutively ubiquitinate NIK in resting cells
leading to its degradation [17, 18]. Receptor ligation results in the degradation of TRAF3,
accumulation of NIK, and subsequently IKK1 activation. IKK1 then phosphorylates the
NF-«B2 precursor p100 leading to ubiquitin-mediated degradation of its C-terminal part,
resulting in active NF-kB2 that associates usually with RelB to form the active TE Of note,
this process takes considerably longer (approx. 4 h) as compared to the classical pathway
and would result in a more delayed and prolonged NF-kB activation. For further reading,
see [19, 20].

4.3.1.3 Feedback Mechanisms for Pro-inflammatory Gene
Expression

Termination of the inflammatory response is an important issue, since the prolonged
maintenance of an “emergency state” and the continuous production of powerful media-
tors thereby would be detrimental to the organism. Again, this appears to be an active
process and not a simple cessation due to, e.g., consumption of necessary molecules. In
line with the complex activation process, multiple and partially redundant mechanisms
are operative on different levels to ensure proper shut down the inflammatory response.

In the NF-kB signaling pathway, a main endogenous feedback mechanism is the
NF-kB-dependent expression of its inhibitor IkBa. Newly synthesized IkBa, which occurs
in EC within 45 min. after stimulation, replaces IkBa that had been degraded but also
translocates to the nucleus to remove NF-kB from its DNA-binding site, and the complex
can re-shuttle to the cytoplasm [21, 22]. A20, another NF-kB-dependent gene with an
originally described anti-apoptotic function, has an additional role in ubiquitination and
can interrupt the signaling pathway in two ways: First, it functions as a deubiquitinase to
remove K63-linked (activating) ubiquitin chains from target proteins, e.g., RIP1, TRAF6,
and IKKy, and second, it acts as an ubiquitin-conjugating enzyme to attach K48-linked
chains (in the case of RIP) leading to its degradation [23]. A third inducible gene is tristet-
raprolin (TTP, Z{p36) that mediates mRNA degradation through binding to AUUUA-rich
elements in the 3’-untranslated region of certain mRNAs but also inhibits NF-kB at the
level of nuclear translocation [24]. Last but not least, IKK2 activity, which is controlled by
phosphorylation of serine residues in its activation loop, is at a later stage downregulated
by hyperphosphorylation of its C-terminal HLH domain, thus inactivating a central com-
ponent of the NF-«B signaling pathway [25].

However, several feedback mechanisms that target other pathways exist on the level of
gene expression: a survey of IL-1-induced genes in EC revealed that several have demon-
strated potential negative regulatory function (8 Table 4.2). They illustrate that in addition
to NF-kB, several other signaling pathways are activated (and required to be shut down).
These include the MAP kinases that are dephosphorylated by DUSPs (dual-specificity
phosphatases), the NF-AT pathway (nuclear factor of activated T cells) through inhibition
of calcineurin by DSCR1, JAK-STAT through SOCS-1, and G-protein-coupled receptor
signaling through RGS7. Moreover, they act on different levels of the signaling cascade,
ranging from receptors to nuclear TFs. Examples are genes encoding EHD1 and ARTS1
that control endosomal sorting (recycling or degradation) and ectodomain shedding of
receptors, thereby regulating their activity; TTP that was already mentioned above, which
also regulates in its function as an mRNA destabilizing enzyme the levels of GM-CSE,
COX2, and TNF mRNAs; and the expression of TFs like ATF3 and members of the NR4A
family of nuclear hormone receptors that interfere with NF-kB function [26] (B Fig. 4.8).
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O Table 4.2 Negative feedback regulators. Genes with demonstrated or potential negative
regulatory function that are induced by inflammatory stimulation in EC within 6 h are listed

kB Inhibitor of NF-xB
A20 Inhibitor of NF-kB, inhibitor of apoptosis

Zfp36/TTP Destabilization of specific ARE-containing mRNAs

DSCR1 Inhibitor of NF-AT activation

C8FW Homologue of SINK and SHIK (involved in NF-kB p65 transactivation)
(TRIB1)

Etr101 Inhibitor of several signaling pathways

DUSP1 Dual-specificity phosphatase, inhibits MAPKs

DUSP5 Dual-specificity phosphatase, inhibits MAPKs

SOCS1 Suppressor of cytokine signaling (JAK-STAT, TLR pathways)

RGS7 Regulator of G-protein signaling

ARTS-1 Aminopeptidase, promotes TNFR1 ectodomain shedding

EHD1 Endosomal sorting, recycling of growth factor receptors (?)

TNFRSF11B Osteoprotegerin, soluble decoy receptor for RANKL

OATP-C Na-independent transport of prostaglandin E2, thromboxane B2, leukotriene C3,
leukotriene E4 (clearance of pro-inflammatory mediators?)

TCF8 Transcriptional repressor in T cells

GG2-1 Negative regulator of T cell signaling

TBX3 Transcriptional repressor (in development)

ADAMTS1 Disintegrin, metalloproteinase, anti-angiogenic properties, associated with

inflammatory processes
TNFSF15 Inhibits EC proliferation

Jag1 Activates notch signaling, thereby represses EC proliferation via Rb

Reproduced by permission from [26]; ©Georg Thieme Verlag KG (2007)

Finally, it should be mentioned that a mechanism of feedback regulation occurs on the
level of prostaglandins (PGs): the synthesis of these essentially pro-inflammatory media-
tors such as PGE has been found to change at a later stage to anti-inflammatory cyclopen-
tenone PGs (15dPGJ2) due to a switch in COX2 [27]; also, lipoxins and products of
omega-3-polyunsaturated fatty acids (resolvins and protectins) are generated. As addressed
in the introductory part, due to the involvement of many different cell types, also resolu-
tion of inflammation is not restricted to EC, and further reading is encouraged [28].

These observations, and the fact that activation-dependent genes with negative regula-
tory function are already expressed at a very early state, essentially concomitant with acti-
vation, have led to the concept of “the beginning programs the end” [4], i.e., that the stage
for resolution is already set at an early stage of the activation process.
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D Fig. 4.8 Endogenous autoregulatory feedback mechanisms in the endothelium. Genes with
demonstrated or potential negative regulatory function that are expressed upon stimulation of human
umbilical vein endothelial cells with IL-1 within 6 h are shown. See Table 4.2 for description. (Reproduced
by permission from [26]; ©Georg Thieme Verlag KG (2007))

— Take-Home Messages

= Nitric oxide is one of the main vaso-relaxing factors.

= |t is generated in EC from L-arginine by two enzymes, the constitutively

expressed eNOS and the inducible iNOS.

It acts on SMC leading to vasorelaxation.

Inflammation is a beneficial response that leads either directly or indirectly

(through activation of the adaptive immune system) to elimination of the

bacterial, viral, or other noxae; however, under poorly understood circumstances,

it can turn into a chronic state that can lead to the destruction of body structures.

= Transmigration of leukocytes through the vessel wall is a key event during inflam-
mation and involves a multitude of cell adhesion molecules, chemoattractants, and
cytoskeletal changes; we distinguish pericellular and transcellular transmigration.

= Upon inflammatory stimulation, EC express genes encoding, e.g., cell adhesion
molecules, cytokines and chemokines, proliferation, migration, survival,
metabolism, and coagulation.
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= NF-kB is a family of transcription factors of central importance for the expres-
sion of these genes; its activation is regulated mainly by nuclear translocation
and follows a classical and an alternative pathway.

== Feedback mechanisms exist on multiple levels ranging from receptors and adapter
proteins to signaling molecules and transcriptional regulators with negative
regulatory function in order to shut down the inflammatory reaction at a later stage.
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What You Will Learn from This Chapter
In this chapter you will learn about the diverse embryonic origin of vascular smooth muscle
cell and their high degree of plasticity.

The essential contribution of vascular smooth muscle cells to maintaining the structural
integrity of blood vessels and to regulating vasodilation and vasoconstriction will be
discussed in detail. In particular you will learn how intracellular, cytosolic Ca%* levels modu-
late contraction and relaxation of vascular smooth muscle cells and which modulators and
intracellular pathways are involved in regulating these cytosolic Ca2* levels.

You will also learn about the impact of dysfunctional vascular smooth muscle cells on
the development of cardiovascular pathologies. Dysregulation of vascular tone by such
dysfunctional vascular smooth muscle cells might cause hypertension, whereas a pheno-
typic switch from differentiated contractile vascular smooth muscle cells to a highly prolif-
erative dedifferentiated phenotype might contribute to cardiovascular pathologies such as
atherosclerosis and restenosis after stent implantation.

5.1 Introduction

Vascular smooth muscle cells, as integral part of the wall of blood vessels, are responsible
for maintaining stability of the blood vessels. They are the predominant cell type in the
tunica media, whereas the tunica intima is formed by a single layer of endothelial cells,
and the tunica externa consists mainly of connective tissue (8 Fig. 5.1).

Besides this role in determining vascular structure, the main function of vascular
smooth muscle cells is the regulation of vascular tone and resistance and consequently the
modulation of blood pressure through vasoconstriction and vasodilation. On a cellular
level, vasoconstriction and vasodilation are dependent on the contraction and relaxation
of vascular smooth muscle cells in the vascular wall, which on a molecular level depends
on the concentration of cytosolic Ca?* whereby an increase in cytosolic Ca?* leads to con-
traction and a decrease results in relaxation of the respective smooth muscle cell. Influx of
Ca?* into the cytosol and removal of Ca?* out of this cellular compartment are finely tuned
and regulated by a large variety of biomolecules and intricate intracellular pathways.
Dysfunction or dysregulation of such pathways and consequently impaired vasoconstric-
tion or vasodilation might lead to vascular pathologies such as hypertension, which itself
is a risk factor for the development of yet another vascular pathology, namely, atheroscle-
rosis [1]. Under certain pathological conditions causing vascular injury, vascular smooth
muscle cells can switch from a contractile phenotype to a highly proliferative migratory
phenotype that is involved in the development of atherosclerotic lesions and in the phe-
nomenon of restenosis after stent implantation [2].

In the following sections, the developmental origin of smooth muscle cells, the regula-
tion of smooth muscle cell contraction and relaxation and the link between dysfunctional
vascular smooth muscle cells and vascular pathologies will be discussed in detail.

5.2 Origin and Differentiation of Vascular Smooth Muscle Cells

Due to their different functional roles including vasodilation and vasoconstriction, pro-
liferation in response to injury and matrix deposition in order to maintain the structure
of the respective blood vessel, it is not surprising that vascular smooth muscle cells show
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a high degree of plasticity and diversity in their developmental origin. Contrary to long
held belief, vascular smooth muscle cells do not originate from a single type of precursor
cell that is recruited to newly formed blood vessels from the surrounding mesenchyme.
Recent evidence, however, suggest that during embryogenesis progenitors that ultimately
develop into mature vascular smooth muscle cells are recruited from various regions of
the embryo. During embryogenesis vascular smooth muscle cells develop from various
mesodermal tissues such as the somatic or paraxial mesoderm, the lateral plate meso-
derm and the splanchnic mesoderm but also from the ectoderm such as the neural crest
(B Fig.5.2) [3, 4].

This different embryonic origin of vascular smooth muscle cells results in a mosaic
pattern of differentiation in the vascular tree. In particular evidence gathered from various
animal models showed that vascular smooth muscle cells in the wall of the branchial arch
originate from precursors developing in the neural crest of the embryo [6, 7]. The vascular
smooth muscle forming the wall of the dorsal aorta are derived from cells that migrate
from somites to that part of the aorta, whereas the smooth muscle cells of the abdominal
aorta and the main arteries supplying the lower limbs are derived from cells of the splanch-
nic mesoderm [5, 8]. The smooth muscle cells of the coronary arteries originate from the
proepicardium. However, it was shown in mice recently that postnatal coronary arteries



100

J. Wojta

O Fig.5.2 Developmental fate
map of vascular smooth muscle
cells [5]

B secondary heart field [ somites

. Neural crest - Splanchnic mesoderm
- Pleural mesothelium - Nephrogenic stromal cells
. Proepicardium

also develop de novo [9]. Finally, vascular smooth muscle cells in the blood vessel of the
kidney originate from nephrogenic stromal cells during embryonic development, whereas
vascular smooth muscle cells of the blood vessels in the lung develop from precursor cells
from the pleural mesothelium [5, 9].

5.3 Regulation of Vascular Tone

Contraction and relaxation of vascular smooth muscle cells and consequently vasocon-
striction and vasodilation are on a cellular level brought about by interactions of the thick
filaments composed of myosin and the thin filaments composed of actin, tropomyosin,
caldesmon (CaD) and calponin (CaP). Their interaction is mainly regulated by changes in
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the concentration of cytosolic Ca**, whereby an increase to 1 pM Ca?* leads to contraction
and a decrease to 0.1 pM results in relaxation of the smooth muscle cells. To initiate
contraction, Ca?" entering the cytosol binds to calmodulin (CaM) and induces a
conformational change in this protein so that CaM can bind 4 Ca**. This Ca**-CaM
complex activates myosin light chain kinase (MLCK) which subsequently phosphorylates
the regulatory 20kD regulatory light chain of myosin (MLC,) on serine 19. This enables
myosin adenosine triphosphatase (ATPase) to be activated by actin and cyclic binding of
the head of myosin to actin and tilting of the myosin head which ultimately transforms the
chemical energy gained from cleavage of adenosine triphosphate (ATP) to adenosine
diphosphate (ADP) into movement and mechanical force. When the concentration of
Ca?* falls below 1 uM, Ca?* dissociates from CaM and the latter from MLCK which results
in inactivation of MLCK. Now myosin phosphatase (MP), which in its activity is
independent of Ca?*, dephosphorylates MLC, . This results in inactivation of the myosin
ATPase and in relaxation of the smooth muscle cell (B Fig. 5.3) [10].

Interestingly, in contrast to skeletal muscle, smooth muscle cells can maintain high
contractile force at low expense of ATP. This so-called “latch-bridge” phenomenon was
thought to be brought about by dephosphorylation of myosin generating a slow cycling of
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B Fig. 5.3 Role of Ca* in the regulation of contraction of vascular smooth muscle cells [11]. Abbrevia-
tions: ADP adenosine diphosphate, ATP adenosine triphosphate, CaM calmodulin, MLC,, 20kD regulatory
light chain of myosin, MLCK myosin light chain kinase, MP myosin phosphatase
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myosin-actin interactions to maintain contraction force [12]. However, the exact molecu-
lar basis of the “latch-bridge” mechanism remains to be fully understood and might
involve enhanced myofilament force sensitivity even in the absence of increased cytosolic
Ca?* or myosin light chain (MLC) phosphorylation.

The concentration of Ca?* in the extracellular space is between 1 and 2 mM and thus
several orders of magnitude higher than cytosolic Ca** in vascular smooth muscle which
reaches 0.1 pM in the resting state. Ca?* is highly water soluble, and therefore its diffusion
through the lipid bilayer of the cell membrane into the cytosol is negligible despite a steep
concentration gradient. In case of activation, excitable Ca®* channels in the plasma mem-
brane open and allow influx of Ca®* into the cytosol where a concentration >1 pM has to
be reached to initiate contraction. In the resting state, however, the concentration of Ca?*
is kept well below this level by plasma membrane calcium ATPase (PMCA) and a Na*/
Ca?* exchanger (NCX) in the plasma membrane of the smooth muscle cell. Furthermore,
sarcoplasmic/endoplasmic reticulum ATPase (SERCA) actively transports Ca** into the
sarcoplasmic reticulum (SR) and through its connections to the SR also into the nucleus.
There is also passive transport of Ca?" into the lumen of the mitochondria. However, the
role of the mitochondria in Ca?* homeostasis is considered to be minor in comparison to
that of the SR (@ Fig. 5.4). It should be emphasized, however, that under physiological
conditions vascular smooth muscle cells are not in a resting but in a partially contracted
state in order to maintain vascular tone under the influence of various mediators that keep
the intracellular Ca?* levels above 0.1 pM [11].

To initiate vasoconstriction Ca** influx from either intracellular stores, e.g. the SR, or
from the extracellular space has to occur. Ca** influx follows either membrane depolar-
ization or binding of particular agonist to membrane receptors through pharmaco-
chemical coupling. The majority of mediators of pharmacochemical coupling, such as
the potent vasoconstrictors angiotensin II (AnglI), norepinephrine, endothelin or ATP,
act through the phosphatidylinositol pathway. To initiate this cascade, these agonists
bind to G-protein-coupled receptors in the plasma membrane. Interaction of the ago-
nists with the respective receptor leads to exchange of guanosine diphosphate (GDP) to
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guanosine triphosphate (GTP) on the a-subunit of the heterotrimeric G_-protein and
subsequent dissociation of the a-subunit from the - and y-subunits. The a-subunit then
activates phospholipase C (PLC) which cleaves membrane-bound phosphatidylinositol-
biphosphate (PIP,) into diacylglycerol (DAG) and inositol-triphosphate (IP,). The latter
diffuses into the cytosol and induces release of Ca** from the SR. DAG on the other hand
activates protein kinase C (PKC) which phosphorylates CaP thereby allowing more
actin to bind to myosin and also phosphorylates C-kinase potentiated protein phospha-
tase-1 inhibitor (CPI-17) which in turn inhibits MP. Thus, under these conditions, MP
is not active and therefore unable to dephosphorylate the light chain of myosin to initi-
ate relaxation [11].

It should be noted that the initial phase of rapid, phasic contraction of vascular smooth
muscle cells is thought to be the result of the release of Ca?* from the SR in response to
activation of the phosphatidylinositol pathway. A following tonic increase of Ca?" influx
into the cytosol is believed to occur through agonist-activated Ca?* channels in the plasma
membrane [11].

5.3.1 Ca?* Release from Intracellular Stores

The SR, which is an intracellular system of tubules, makes up to 7.5% of the volume of a
vascular smooth muscle cell [13]. Ca?* efflux of this intracellular store is induced by IP, as
described above but also by Ca?* itself through the interaction of the former with a specific
receptor for IP,, IP, receptor (IP,R), and of the latter with the ryanodine receptor (RyR).
Both receptors are located in the membrane of the SR and are second messenger-operated
Ca?* channels (SMOCC) which open in response to interaction with their respective
ligands [11].

The IP,R has binding domains for IP, and Ca** and an aqueous pore for Ca®'.
Interestingly the Ca®* binding domain on the IP,R regulates a biphasic effect on the IP,-
induced Ca?" release from the SR: up to an increase in cytosolic Ca** to 300 nM, a posi-
tive feedback is initiated enhancing Ca?" efflux from the SR, whereas cytosolic Ca**
concentrations of >300 nM lead to a negative feedback inhibiting Ca** efflux from the
SR [14].

Similar to the IP,R, the RyR is a SMOCC with two known physiological agonists,
namely, Ca®* and cyclic ADP ribose (cADP ribose). The RyR is also sensitive to caffeine
and, hence the name, to the plant alkaloid ryanodine [14]. Ca?" efflux from the SR
through activation of the RyR is suggested to occur once the local concentration of Ca**
near the SR rises above 3 pM. It is further thought that this initial increase in Ca**
concentration close to the SR is caused by activation of the IP,R. It should also be noted
that this Ca?*-induced Ca**-release from the SR through activation of the RyR is other
than in cardiac and skeletal muscle independent of Ca?* influx from the extracellular
space (B Fig. 5.5) [13].

5.3.2 Ca?* Influx from the Extracellular Space

As diffusion of Ca?* through the lipid bilayer of the cell membrane is minimal, Ca** influx
large enough to activate the contraction machinery has to rely on various Ca?* channels
located in the plasma membrane of vascular smooth muscle cells such as voltage-operated
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B Fig. 5.5 Ca?*influx into the cytosol of vascular smooth muscle cells from the sarcoplasmic reticulum
and from the extracellular space, modified from [13]. Abbreviations: A agonist, CICR calcium-induced
calcium release, DAG diacylglycerol, G G-protein, IP, inositol-triphosphate, PIP, phosphatidylinositol-
biphosphate, PLC phospholipase C, NSCC nonselective cation channel, R receptor, ROCC receptor-
operated calcium channel, SMOCC second messenger-operated calcium channel, SR sarcoplasmic
reticulum, VOCC voltage-operated calcium channel

calcium channels (VOCC), receptor-operated calcium channels (ROCC) and store-
operated calcium channels (SOCC). SMOCC such as the IP,R and the RyR are considered
a subgroup of ROCC as they are indirectly activated by diffusible second messengers.

VOCC respond to changes in the membrane potential. In vascular smooth muscle
cells, the resting membrane potential ranges from —40 to —55 mV in vivo, which is within
the activation range of VOCC. Thus, it is believed that Ca** influx through these VOCC is
crucial to maintain vasomotor tone [15]. Three types of VOCC have been identified in
vascular smooth muscle cells, namely, “long-lasting”, L-type channels, “transient”, T-type
channels and “resting’, R-type channels.

The threshold for the L-type channels lies at approximately —40 mV, and full activa-
tion is achieved at a membrane potential of approximately 0 mV. The L-type channels
are inactivated after 300-600 ms. They consist of an o,-,an a,-,aB-,ay- and a §-subunit,
whereby the o -subunit has specific sites sensitive for phosphorylation by, e.g. PKC, a
voltage sensor and gates for activation and deactivation [16]. Deactivation of the L-type
channels depends on voltage and the concentration of Ca?". L-type channels are the
most numerous VOCC in vascular smooth muscle cells and are thus considered to be
the most important channels for Ca?* influx from the extracellular space into the cyto-
sol. They might also play a role in replenishing intracellular stores, e.g. in the SR. The
T-type channels are activated at a membrane potential of around —30 mV and are inac-
tivated voltage-dependently quickly after 20-60 ms [17]. It has been suggested that
influx of extracellular Ca?* through these channels induces release of Ca?* from the SR
via the RyR. The R-type channels are thought to be responsible for a continuous slow
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Ca?* influx into the cytosol of vascular smooth muscle cells. However, the significance
of their contribution to contraction of vascular smooth muscle cells has not yet been
clarified.

Several mediators of vasoconstriction such as Angll, norepinephrine, endothelin, sero-
tonin, or ATP have been shown to activate nonselective cation channels (NSCC) and by
doing so are thought to contribute to membrane depolarization and thus activation of VOCC
[16]. Although the existence of SMOCC sensitive to IP, or Ca®* in the plasma membrane of
vascular smooth muscle cells has been proposed, evidence for this notion is limited [16].

SOCC in the plasma membrane of vascular smooth muscle cells are responsible for the
so-called capacitative Ca?* entry from the extracellular space to replenish Ca?" when
intracellular stores in the SR are depleted. However, the exact molecular mechanisms
regulating this process are still unclear [18].

Vascular smooth muscle cells are capable of fine-tuning peripheral blood flow through
a process called autoregulation: They respond to an increase in intravascular pressure with
an increase in contractile force, whereas a decrease in intravascular pressure induces
smooth muscle cell relaxation. It has been shown that stretch induces influx of Ca?* from
the extracellular space in the cytosol through activation of VOCC and mechanosensitive
NSCC in the cell membrane and enhances Ca®* sensitivity of myofilaments (B Fig.5.5) [16].

5.3.3 Removal of Ca?* from the Cytosol

Two Ca?"-ATPases are responsible for pumping Ca?* from the cytosol of vascular smooth
muscle cells into the extracellular space and into the SR, respectively, namely, PMCA,
located in the plasma membrane of the cell, and SERCA present in the membrane of the
SR [19].

PMCA is an electroneutral pump as it pumps one Ca?* into the extracellular space
in exchange for 2 H* pumped into the cytosol. The cytosolic part of PMCA has binding
sites for CaM and for PKC, cyclic adenosine monophosphate (cAMP)-dependent pro-
tein kinase (PKA) and cyclic guanosine monophosphate (cGMP)-dependent protein
kinase (PKG) [19]. PMCA is activated directly by CaM binding to its binding site,
whereas the pump is inhibited in the absence of CaM. In addition, phosphorylation of
the CaM binding site by PKA, PKC or PKG also results in activation of PMCA
(B Fig. 5.4) [19].

SERCA is also electroneutral as it pumps 1 H" and 1 K* into the cytosol in exchange
for each Ca?* moved into the SR [20]. SERCA does not have a CaM binding site and thus
is not activated by CaM. Instead phospholamban, a transmembrane protein showing con-
siderable sequence homology with CaM and located in membrane of the SR, is regulating
the activity of SERCA. When not phosphorylated, phospholamban inhibits SERCA,
whereas once phosphorylated by PKA, PKC or PKG, phospholamban activates SERCA
[14]. The phosphorylation of phospholamban by PKG is thought to contribute to vasodi-
lation in response of modulators such as NO, epinephrine or atrial natriuretic peptide
(ANP) which increase cytosolic levels of cGMP (B Fig. 5.4) [19].

As already mentioned above, vascular smooth muscle cells also express an NCX which
is located in the plasma membrane that transports 1 Ca?* out of the cytosol in exchange
for 3 Na*. It is driven by the steep inward directed concentration gradient for Na* that is
maintained by the Na*/K*ATPase. However, the physiological relevance of NCX for
regulating cytosolic Ca?* is still unclear (8 Fig. 5.4) [14].
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5.3.4 Regulation of Vascular Tone by Modulating
Ca?* Sensitivity of Myofilaments

In addition to heterotrimeric G-proteins, such as the G_-protein described above, also
small monomeric G-proteins exist. Ras homolog gene family member A (RhoA) is such a
small GTPase that is involved in modulating Ca?* sensitivity of myofilaments in vascular
smooth muscle cells. Thereby RhoA activates rho-associated protein kinase (ROCK)
which in turn phosphorylates the myosin phosphatase target subunit (MYPT) of MP. Once
MYPT is phosphorylated by ROCK, MP is rendered inactive. Consequently, MLC,  phos-
phorylation and secondary to that contraction of the vascular smooth muscle cell are
enhanced. ROCK also phosphorylates CPI-17, which once phosphorylated becomes
active and inactivates MP by inhibiting its catalytic subunit, termed catalytic subunit of
type 1 phosphatase & (PP1C9) [21, 22].

It should be emphasized that arachidonic acid, which is cleaved off phospholipids of
the plasma membrane by phospholipase A, (PLA,) under, e.g. inflammatory conditions,
can impact upon vasoconstriction by activating ROCK independently of RhoA [23].

As described above, several potent vasoconstrictors such as Angll, endothelin or nor-
epinephrine by binding to a G_-protein-coupled receptor activate PLC which in turn
cleaves PIP, into IP, and DAG. DAG then activates PKC which phosphorylates and acti-
vates the inhibitor of MP, CPI-17. In addition, PKC phosphorylates caldesmon and CaP
thereby allowing more binding interactions between myosin and actin [24].

5.3.5 Regulation of Vascular Tone by Cyclic Nucleotides

The cyclic nucleotides cGMP and cAMP are considered to be the major mediators of
relaxation of vascular smooth muscle cells. Increased cytosolic levels of cAMP and in
particular of cGMP therefore are critically involved in vasodilation.

cGMP levels are increased by the activation of either membrane-bound guanylyl
cyclase by natriuretic peptides such as ANP, brain natriuretic peptide (BNP) or C natri-
uretic peptide (CNP) or by the activation of soluble guanylyl cyclase by NO or CO [25].
c¢GMP subsequently activates PKG which phosphorylates phospholamban. Phosphorylated
phospholamban activates SERCA which pumps Ca?* from the cytosol into the SR as
described above. PKG increases Ca?* efflux into the extracellular space by phosphorylat-
ing and activating PMCA. Furthermore, PKG blocks the release of Ca®* from the SR
through phosphorylation of IP,R and inhibition of IP, synthesis and activates K* channels
in the plasma membrane leading to hyperpolarization. It also blocks VOCC indirectly
through phosphorylation of protein phosphatase 2A which in turn dephosphorylates and
inactivates VOCC thereby blocking Ca®* entrance into the cytosol [25]. PKG furthermore
reduces Ca** sensitivity of myofilaments by activating MLP which in turn dephosphory-
lates and thus inactivates MLC,.

Receptor-bound adenylyl cyclase is activated in the membrane of vascular smooth
muscle cells by agonists such as adrenomedullin, prostacyclin (PGI,), calcitonin gene-
related peptide (CGRP) and epinephrine. Subsequently activated adenylyl cyclase results
in increased cAMP levels in the cytosol of these cells. Such increased cAMP levels in turn
activate PKA. PKA activates K* channels and blocks VOCC in the plasma membrane,
activates PMCA and SERCA and blocks Ca** release from the SR through mechanisms
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B Fig. 5.6 Cyclic nucleotides and vasorelaxation [26]. AC adenylyl cyclase, AMP adenosine monophos-
phate, ANP atrial natriuretic peptide, ATP adenosine triphosphate, BNP brain natriuretic peptide, CAMP
cyclic adenosine monophosphate, cGMP cyclic guanosine monophosphate, CGRP calcitonin gene-
related peptide, CNP C-type natriuretic peptide, GC guanylyl cyclase, GMP guanosine monophosphate,
GTP guanosine triphosphate, IICR IP,-induced calcium release, PGL, prostacyclin, MLC,; 20kD regulatory
light chain of myosin, MLCK myosin light chain kinase, MP myosin phosphatase, PDE phosphodiester-
ase, PMCA plasma membrane calcium ATPase, R receptor, SERCA sarcoplasmic/endoplasmic calcium
ATPase, SGC soluble guanylyl cyclase, SR sarcoplasmic reticulum, VOCC voltage-operated calcium
channel

described above for PKG. In addition, PKA phosphorylates MLCK thereby reducing its
affinity for CaM [25].

Finally, cross-activation between PKG and PKA in both directions may enhance the
effects described above (B Fig. 5.6) [26].
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5.3.6 K Channels and Vasodilation

From what was described above, it is evident that efflux of K* from the cytosol of vascular
smooth muscle cells into the extracellular space limits membrane depolarization and thus
counteracts vasoconstriction and supports vasodilation.

In that respect, large-conductance Ca**-activated K* channels, also called BK chan-
nels, are considered the most important K* channels of vascular smooth muscle cells. BK
channels are activated at membrane potentials between —60 and —30 mV and at intracel-
lular concentrations of Ca** between 100 and 600 nM. In addition to Ca**, BK channels
have been described to be activated by PKA and PKG, PGI, and endothelial-derived
hyperpolarization factor (EDHF). In contrast AnglI inactivates BK channels [27].

Recently a K* channel specifically activated by cGMP but not by cAMP has been
described in vascular smooth muscle cells [28].

ATP-sensitive K* channels have also been identified in the plasma membrane of vascular
smooth muscle cells. These K* ., channels are inactivated by an increase in intracellular ATP
and are activated by adenosine, CGRP, epinephrine, NO and PGI, [29]. It is thought that acti-
vation of K* .., channels is responsible for vasodilation seen under hypoxia or shock. On the
other hand, potent vasoconstrictors such as AnglI or endothelin inactivate these channels [30].

5.4 Vascular Smooth Muscle Cell Dysfunction in Disease

5.4.1 Vascular Smooth Muscle Cell Dysfunction and Hypertension

From what was discussed above, it is evident that increased vascular resistance caused by
enhanced contractility of vascular smooth muscle cells might contribute considerably to the
development of systemic hypertension. In that respect evidence from various animal models
of hypertension showed increased permeability of the plasma membrane for Ca?* and an
increase in Ca?* influx [31]. On a molecular level, PKC has been suggested to play a major
role in the development of hypertension. This suggestion is based on the observation that
agonists such as Angll, vasopressin or norepinephrine causing vasoconstriction bind to G -
protein-coupled receptors. Binding of these agonists to these receptors leads to activation of
PLC which in turn generates DAG which is an activator of PKC [32, 33]. As discussed above
PKC phosphorylates CPI-17 which in turn inhibits MP. Furthermore, PKC phosphorylates
CaP thereby allowing more actin to bind to myosin [13]. The notion that PKC is involved in
the pathogenesis of hypertension is further supported by the finding that overexpression of
a particular isoform of PKC, namely, a-PKC, in a mouse model results in hypertension [34].
Thus, inhibition of PKC might represent a therapeutic strategy for the treatment of hyper-
tension. Unfortunately, however, the first generation of PKC inhibitors lacks specificity.

By inhibiting MP and by increasing Ca** sensitivity, the RhoA/ROCK pathway repre-
sents yet another pathway that seems to be critically involved in the pathogenesis of sys-
temic hypertension [13]. Tissue samples obtained from arteries of hypertensive animals
showed increased RhoA/ROCK activation [35]. On the other hand, the ROCK inhibitor
Y-27632 normalized arterial pressure in animal models of hypertension [36]. Furthermore
stretch-induced activation of mitogen-activated protein kinase (MAPK) of vascular
smooth muscle cells was inhibited by the inhibition of ROCK [37]. In hypertensive rats
blocking the type I receptor for AnglI reduced RhoA/ROCK activity, whereas long-time
infusion of Angll increased the activity of these biomolecules [38, 39].
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5.4.2 Vascular Smooth Muscle Cell Proliferation,
Phenotypic Switching and Progenitor Cells
in Cardiovascular Disease

As already discussed above, vascular smooth muscle cells exhibit a considerable degree
of plasticity. This plasticity is also reflected by their ability to switch between two func-
tionally different phenotypes [40]. The quiescent phenotype of differentiated vascular
smooth muscle cells is responsible for vasoconstriction and vasodilation and is charac-
terized by the expression of contractile proteins such as smooth muscle a-actin,
smooth muscle myosin heavy chain, CaP and smooth muscle protein 22a (SM22) [5].
The expression of these contractile proteins is downregulated in the dedifferentiated
phenotype of vascular smooth muscle cells, also referred to as synthetic phenotype
characterized. The phenotypic switch from the contractile, differentiated phenotype to
the synthetic, dedifferentiated phenotype occurs in response to vascular injury [41].
The synthetic phenotype of vascular smooth muscle cells is characterized by increased
proliferation, migratory behaviour and the production of matrix proteins [42]. Thus,
dedifferentiated vascular smooth muscle cells are involved in neointima formation and
therefore are found in atherosclerotic lesions and are responsible for restenosis after
percutaneous transluminal angioplasty and stent implantation [2]. However, recent
evidence obtained through lineage tracing suggests that only a small proportion of
vascular smooth muscle cells present in atherosclerotic lesions originate from mature
vascular smooth muscle cells of the tunica media [43]. Currently it is thought that the
majority of vascular smooth muscle cells in atherosclerotic lesions may originate from
various sources such as resident progenitor cells of the vasculature, transdifferentiated
endothelial cells, fibroblasts from the adventitia or bone marrow haematopoietic cells
[44-47].

— Take-Home Message

== During embryonic development vascular smooth muscle cells originate from
different progenitor cells that are derived from various tissues.

== Contraction and relaxation of vascular smooth muscle cells, and thus vasocon-
striction and vasodilation, are brought about by change intracellular, cytosolic
Ca?* levels, whereby an increase in intracellular Ca?* leads to vasoconstriction
and a decrease to vasodilation.

= Ca?* influx into and efflux from the cytosol of vascular smooth muscle cells
from and to the extracellular space and from and to the sarcoplasmic reticu-
lum occurs through a wide variety of channels or pumps and exchangers,
respectively, whose function is finely tuned by a host of agonists activating
intricate intracellular pathways.

== Vascular smooth muscle cells show a high degree of plasticity; e.g. in case of
vascular injury, they can switch from a differentiated contractile to a dediffer-
entiated synthetic phenotype.

== \ascular smooth muscle cells are involved in the development of various
cardiovascular pathologies such as hypertension, atherosclerosis and
restenosis after stent implantation.
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What You Will Learn in This Chapter
This chapter briefly recapitulates milestones in the morphogenesis of the cardiovascular
system. Its focus rests on the development and remodelling of the heart and great arteries.

6.1 Researching Cardiovascular Morphogenesis and Remodelling

For obvious reasons descriptive and experimental research cannot be performed on
human embryos. Hence, various biomedical models are used for studying the genetic and
biomechanic mechanisms orchestrating the development and remodelling of the cardio-
vascular system. The chick, frog and zebrafish are mainly employed for unravelling basic
genetic decisions and for analysing the influence of biomechanic factors on heart remod-
elling [6, 14, 17, 21, 22]. Rodents, especially the mouse, are chiefly used for examining the
genetic orchestration of normal and pathologic developmental events. They have short
reproduction times, and the advancement of molecular tools has reached a level that
allows for specific deletion of every single gene of the mouse genome and targeted disrup-
tion of gene and gene product function in specific tissues and at specific time points [1, 2,
4,5,8,13,19].

The advent of sophisticated imaging methods permitting three-dimensional (3D)
visualisation of early to late embryos, foetuses and infants of biomedical models in high
detail [12, 15, 16, 20, 23, 24] heavily boosted researching the morphogenetic events in
cardiovascular development. This chapter will primarily make use of virtual 3D models
produced with the high-resolution episcopic microscopy (HREM) technique [11, 18, 25]
and traditional wax models produced by Ziegler at the beginning of the twentieth century.

6.2 Early Blood Vessels and Primitive Circulation

In mammals, the formation of the vascular system starts with a process called vasculogen-
esis. Small clusters of haemangioblasts appear in the extraembryonic mesoderm of the yolk
sac, body stalk and chorion. They form isolated blood islands and differentiate into endo-
thelial cells surrounding primitive blood cells. Finally, these islands coalesce and form a
primitive capillary plexus. In humans this process happens between days 13 and 15 of
intrauterine development (i.e. end of 4th week of pregnancy) and in the mouse, at approx-
imately embryonic day (E) 8. Around days 15-17, vasculogenesis starts also in the meso-
derm inside the embryo, and a plexus of primitive intraembryonal blood vessels forms.

Once a primitive vascular system is shaped, it expands by a process named angiogen-
esis. New, endothelial lined channels sprout from existing vessels, or already established
larger channels split after invasion of additional cell material. For details we refer to the
chapter “Cellular and Molecular Mechanisms of Vasculogenesis, Angiogenesis, and
Lymphangiogenesis”

In human embryos of developmental day 21, the then tubular heart connects to the
intra- and extraembryonic vessels. Since it is already pumping, this establishes a primitive
unidirectional circulation. First large arteries, the left and right primitive aortae, pass as
continuation of the outflow of the tubular heart lateral to the pharynx and turn caudally
to descend along the forming intestine. Each dorsal aorta gives rise to segmental arteries,
vitelline branches and an umbilical artery. The venous channels are collected by anterior
and posterior cardinal veins that enter the cardiac inflow. The components of the primitive
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circulatory system undergo dramatic remodelling during the rest of the embryonic period
until the foetal circulation is established. The following chapters aim at describing the
morphological milestones of these processes in detail.

6.3 Development of the Heart

Even at the beginning of the 2nd week of human intrauterine development, cells destined
to become heart cells can be identified. At the end of the 3rd week, the embryos have
developed a pumping primitive heart then a plump, cranio-caudally arranged tube. This
primitive heart tube undergoes complex morphological remodelling in the embryonic
period until it has largely achieved its foetal appearance in week 8 of intrauterine develop-
ment. Immediately after birth changes occur in heart morphology to adapt the foetal heart
to postnatal requirements.

Correct heart formation and remodelling is essential for sufficient supply of oxygen
and nutrients to all the developing organs of the embryo and foetus. Hence an estimated
10% of miscarriages are considered to be a direct result of disrupted embryonic heart
development.

6.3.1 Heart Progenitor Cells and First and Second Heart Field

Around the time of implantation into the endometrium, the embryo is composed of two
single-cell layers - a dorsal epiblast and a ventral hypoblast. In these early embryos, cell-
tracing methods identify cardiac progenitor cells in the epiblast anteriorly to the primitive
streak. During gastrulation, which produces the three germ layers ecto-, meso- and endo-
derm, these cells and their daughter cells invaginate during mesoderm formation through
the primitive streak and end up as parts of the ventral portion of the lateral plate meso-
derm, the so-called splanchnic mesoderm.

In the three-layered embryo, the region occupied by the heart progenitor cells is referred
to as heart field. As part of the mesoderm, the cells are sandwiched between ento- and ecto-
derm and, in the 3rd to 4th week of gestation, are arranged in a horseshoe-shaped, crescent-
like structure, the cardiac crescent. In mice the two branches of the cardiac crescent are
connected anteriorly to the developing neural folds. In humans they are not fused. The lat-
eral area of the branches and the forefront of the cardiac crescent (the toe of the horseshoe)
are named as the first heart field and the medial part of the branches as the second heart field.

6.3.2 Formation of the Linear Heart Tube

On the left and right sides of the embryo, the splanchnic mesoderm of the first heart field
forms antero-posteriorly (cranio-caudally) oriented tube-like structures comprised of
endothelial (endocardial) cells. Cells of the second heart field are not involved in this
process. In the 3rd week, when the most anterior parts of the embryo bend ventrally and
form the head fold, these tube-like structures are passively shifted caudally and to the
ventral midline. Here they fuse and form a single, very plump primitive heart tube imme-
diately ventral to the developing head and foregut. Caudally (posteriorly), two venous
channels drain into this tube. Cranially (anteriorly), two primitive ventral aortae leave the
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B Fig. 6.1 Primitive heart tube. Volume-rendered 3D models of early a-c and late d-f mouse embryos
of embryonic day (E) 8 and surface-rendered models of their heart tube (red). Models were created out
of “high-resolution episcopic microscopy” (HREM) volume data. Anterior (cranial) parts of the embryo
from dorsal a, d and ventral b, e. Note the plump primitive heart tube and its slender and looped
appearance in the later stage. ¢, f: Axial sections through the heart region of volume-rendered models.
View from anterior. The mesocardium (between arrows) connects the heart tube to the dorsal body wall
near the foregut (f). h heart, nf neural fold, so somite

tube (B Fig. 6.1). The paired arms of the inflow are destined to become the precursors of
the atria, the linear part of the tube transforms to eventually become the left ventricle and
the two vessels leaving the outflow are destined to form transitory connections to two
primitive aortae developing in the dorsal and caudal parts of the embryo.

The primitive heart tube rests in a cavity, which is termed as the pericardial cavity,
although there is no proper pericardium formed yet. It forms at a later time point by
migration of cells from the proepicardial organ (see below).

The dorsal aspects of the heart tube are connected to the dorsal wall of the embryo
along its foregut region by a meso-like structure called mesocardium (8 Fig. 6.1). Near the
attachment of the mesocardium to the body wall and at the same time laterally to the
foregut, the second heart field had been shifted to during head fold formation. From here,
cells migrate towards the heart tube and are incorporated into their wall.
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B Fig. 6.2 Looping and ballooning. Ziegler wax models of a chick embryo during looping from ventral
a and left b. Note the heart loop and the proepicardial organ (peo). ¢ Ballooning of the left atrium (la)
and left ventricle (Iv). oft outflow tract, rv right ventricle

The lumen of the primitive heart tube is lined with endocardial cells. Myocardial cells
appear as if incompletely surrounding the endocardial tube almost as a mantel-like struc-
ture. This myocardial mantel layer borders against the pericardial cavity until the epicar-
dium is formed. It does not exist where the mesocardium connects to the heart tube. After
forming the mantel layer, the myocardial cells start secreting a complex proteoglycan- and
glycosaminoglycan-rich matrix into the space between endocardial and myocardial cells.
This matrix, sandwiched between endo- and myocardium, originally does not contain
cells and is called cardiac jelly.

6.3.3 Looping

After the linear heart tube has formed, cells of the second heart field migrate to it and
integrate themselves into its wall. This cell integration quickly leads to a dramatic increase
of the length of the heart tube, which is much faster than the cranio-caudal growth of the
whole embryo. Therefore, the straight heart tube is forced to assemble a curved shape, and
the heart tube starts forming a slender loop protruding into the pericardial cavity. The
vertex of the loop points to the right (B Figs. 6.1 and 6.2).

Elongation of the heart tube is accompanied by disintegration of the mesocardium
leaving only the cranial and caudal ends of the heart fixed to the embryonic body tissues.
The parts in between the cranial and caudal fixation freely protrude into the pericardial
cavity. Consequently, from this time of development, cells, which still migrate from the
second heart field and cardiac neural crest towards the heart, can only become associated
to the outflow and inflow sections of the heart tube. The cells added to the outflow section
form large parts of the later right ventricle and cardiac outflow. The cells added to the
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inflow section contribute to the formation of the atria and inflow. Hence, severe heart
malformations chiefly affecting the right ventricle and cardiac outflow are often a direct
consequence of abnormal migration of cardiac neural crest and/or second heart field cells
to the cranial parts of the tubular heart.

In the late looping stages, the future compartments are arranged in a sequential order
along the still tubular heart. From caudal to cranial, they are the inflow tract, atrial seg-
ment, atrioventricular canal, left ventricle, right ventricle and outflow tract. The outflow
tract is connected to the developing pharyngeal arch arteries (8 Fig. 6.2).

The straight heart has its inflow or venous pole caudally and its outflow or arterial pole
cranially. In principle this arrangement remains throughout life, but due to heart elonga-
tion and the associated looping and twisting and the growth of the embryo, the relative
position of the two poles appears as if having changed after looping, with the venous pole
being shifted into a dorso-cranial and the arterial pole into an antero-cranial position.

Looping is highly conserved in vertebrates. It is the first feature that makes left-right
asymmetry obvious and is governed by molecular signalling cascades, which have been
started during gastrulation. Perturbation of these cascades leads to abnormal or left-sided
looping and problems in the situs of asymmetric organs. Such laterality defects often are
associated with congenital heart defects including serious malformations [17].

6.3.4 Ballooning

The atria and ventricles are formed as pouches that appear at characteristic sites along the
heart tube. The pouches grow and expand like balloons, wherefore the whole process of
cardiac chamber formation is referred to as ballooning, the atria balloon laterally out of the
atrial segment of the heart tube and the ventricle balloon in a proximal to distal sequence
out of the tube near its vertex (8 Fig. 6.2).

6.3.4.1 Formation of the Ventricles

During the late phases of heart looping, the mitotic rate locally increases at the outer
curvature of the left and right ventricle segments of the cardiac loop. This results in the
formation of small thickenings and then of pouches arranged in a proximal to distal
sequence along the tube. While the pouches become steadily bigger and start ballooning,
the region between them does not significantly change its dimension. As seen from out-
side, this results in the indentation of an anterior and posterior groove between the bal-
looning ventricles, the later anterior and posterior interventricular sulcus.

As seen from the heart tube lumen, the ballooning process leads to a local expansion
of the lumen at the level of the left and right ventricle segments. The diameter of the lumen
in between these two segments does not increase dramatically. Hence the adjacent walls of
the two balloons and the material in between form a septum-like structure between the
two ventricle cavities. This material is the forerunner of the later muscle part of the inter-
ventricular septum.

Simultaneously with ballooning of the ventricles, the ventricle myocardium develops two
layers: an outer compact tissue layer, with a thickness of 3-4 cardiomyocytes, and an inner
layer forming myocardial protrusions into the ventricle cavity that are covered by endocar-
dium. These are called trabeculae carneae. In the early heart, the trabecular layer creates the
main contractile force of the developing heart. In addition, the extensions of the ventricle
cavities between the trabeculae secure a sufficiently large surface to guarantee smooth supply
of oxygen and nutrients to the myocardium until the coronary vasculature is established.
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6.3.4.2 Formation of the Atria

In both lateral walls of the singular atrial segment of the heart tube, the mitotic activity
increases. This results in the formation of left- and right-sided thickenings and then
pouches, which steadily expand until they finally form the appendices of the left and right
atrium. These are the forerunner of the later auricula cordis. Inside the appendices myo-
cardial protrusions develop and form pectinate muscles.

The proper atrial spaces are derived from the atrial segment of the heart loop that is
located between the atrial appendices and from structures that become secondarily asso-
ciated with the left and right atrium. The right atrium integrates parts of the sinus venosus,
which is the cavity that receives the large systemic veins. The left atrium integrates the
vastly expanded space of an originally single pulmonary vein, which receives all four lung
veins.

6.3.4.3 Peculiarities of Heart Looping

In contrast to the ventricles, which balloon sequentially from the large curvature of the
looping heart, the atrial appendices balloon from its left and right sides. Hence sidedness
of the atria is affected by left/right decisions during gastrulation. Consequently, abnormal
left/right definition result in abnormal atrium morphology.

An interesting aspect is that elongation of the heart tube during looping is mainly
caused by adding cells stemming from the second heart field and cardiac neural crest. In
contrast the ballooning process is triggered and maintained by mitoses of cells, which are
already part of the cardiac wall.

6.3.5 Epi- and Pericardium

Around the time when heart looping takes place, a vesicular structure formed by meso-
thelial cells of the septum transversum appears at the base of the sinus venosus. This vesi-
cle is called the proepicardial organ. From this organ cells migrate along the cardiac surface
and form the epicardium. Cells also migrate along the inside of the pericardial cavity and
form the serous layer of the pericardium. A subset of the epicardial cells undergoes
epithelial-mesenchymal transformation, invades the subepicardial space and forms the
subepicardial mesenchyme. These cells also contribute to the formation of the endothe-
lium and smooth muscle cells of the future coronary vessels as well as the forming atrio-
ventricular cushions and valves.

6.3.6 Chamber Separation

6.3.6.1 Atrioventricular Junction

In the looped heart tube, the atrioventricular junction is a relatively long, canal-like seg-
ment. A subpopulation of endothelial cells lining this segment undergo endothelial-
mesenchymal transformation and invade the cardiac jelly. They stimulate adjacent
myocardial cells to produce additional extracellular matrix, which increases the amount
of cardiac jelly in the atrioventricular canal and produces two thickenings, the atrioven-
tricular endocardial cushions. Because of their position in respect to the orientation of the
looped heart tube, these cushions are referred to as superior and inferior atrioventricular
cushion. Their size increases until they fuse in the midline, dividing the atrioventricular
canal into a left and right portion, the later left and right atrioventricular ostium.
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In addition to separating atria and ventricles, the cushion material forms relative thick
extensions that protrude into the ventricle cavities and become connected to the trabecu-
lae of the myocardium. After reducing their thickness, these protrusions remain as leaflets
of the atrioventricular valves and as chorda tendinea.

6.3.6.2 Atria

In the 5th week of human development, the common space between the left and right
atrial appendices starts to become separated into a left and right atrium. In the mouse this
happens around E10.5.

After the inflow of the heart has become shifted dorso-cranially during the looping
process, muscle tissue starts growing in the midline of the dorso-cranial wall of the atrium
into the atrial cavity. This forms the septum primum, which at first is crescent-shaped. The
space between the free edge of the crescent and the superior atrioventricular cushion
(between the left and right atrioventricular ostia) is referred to as foramen primum. At the
caudal edge of the septum, at the level of the atrioventricular junction, fibrous tissue
termed as spina vestibuli grows also from dorsal into the atrium. By growing of the septum
and spina, the foramen primum becomes gradually smaller and is finally closed with spina
vestibuli tissue sandwiched between the atrioventricular cushions and the septum [3].
While the foramen primum closes, parts of the dorsal portion of the septum primum
disintegrate, and a foramen opens in the dorsal part, the foramen secundum, a forerunner
of the foramen ovale.

In humans, in the 8th week of intrauterine development (mouse E14), an invagination
of the dorso-cranial atrial wall forms a plump ridge right to the septum primum. The ridge
is named as septum secundum and only extends for a short distance, but far enough to
sufficiently cover the foramen secundum in the septum primum (8 Fig. 6.3).

6.3.6.3 Ventricles

The interventricular septum comprises a membranous and a muscular part. First the mus-
cular part is formed by ballooning of the ventricles. Then, during the rest of the embryonic
period, its free edge is gradually shifted towards the atrioventricular junction.

The space between the atrioventricular cushions and the free edge of the muscular
septum is termed foramen interventriculare. It permits blood exchange between the left
and right ventricle and persists until the end of the 8th week of gestation (E14.5 in the
mouse), which is the beginning of the foetal period. Around this time the muscular por-
tion of the ventricular septum then shifted close to the atrioventricular junction and fuses
with a small extension of the atrioventricular cushions, which transforms into the fibrous
part of the interventricular septum.

6.3.6.4 Outflow Tract

The cardiac outflow tract (conotruncus) has two segments, the proximal conus arteriosus
and the distal truncus arteriosus. The truncus arteriosus continues into the extracardiac
aortic sac.

During heart looping, the endocardium and the cardiac jelly of the conotruncus form
two ridges, twisting like a spiral from proximal to distal. The spiralling arrangement is
triggered by haemodynamic forces. Although at this time point the ventricles are con-
nected by an intervertebral foramen, each ventricle pumps a separate stream of blood into
the conotruncus, and these blood streams spiral.
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O Fig. 6.3 Separation of chambers and outflow tract. a, b Atrium septation in an E14.5 mouse embryo.
Axial HREM sections through the heart showing septum primum (sp), septum secundum (ss) and
foramen secundum (ovale; arrowhead). ¢, d Septation of ventricles. Axially sectioned volume-rendered
models based on high-resolution episcopic microscopy data viewed from cranial. Early c and late E14.5
mouse embryo d. Note the interventricular foramen in c (asterisk). e, f Architecture of atrioventricular
and outflow tract cushions in a mouse embryo of E10.5 e and E12 f. c cushion, da descending aorta,

e oesophagus, | lung, la left atrium, Iv left ventricle, oft outflow tract, ra right atrium, rv right ventricle,
sp septum primum, ss septum secundum, v vertebra, vs ventricular septum
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Once the ridges are formed, extracardiac cells derived from the neural crest invade the
truncal portion of the ridges and trigger the formation of mesenchyme. This causes the
ridges to thicken until they fuse, thereby separating the distal outflow tract into two chan-
nels, the future aorta and pulmonary trunk. The conal part of the ridges does not receive
neural crest cells. Here, cellular material is contributed by endothelial-mesenchymal
transformation, which also leads to growing and fusion of the ridges and ultimately to
separation of the cardiac outflow.

Nearby the conal parts of the ridges, two small intercalated cushions deriving their
mesenchyme mainly by endothelial-mesenchymal transformation are formed. These
cushions form the posterior aortic and the anterior pulmonic leaflet of the semilunar
valves.

6.4 Great Intrathoracic Arteries

Three-week-old embryos have paired dorsal aortae, which descend from the neck to the
later lumbar region left and right to the gut-forming entoderm. The lumbar parts of the
two aortae fuse to form a single dorsal vessel. Their cranial segments are connected to the
heart by primitive aortic arches, which obliterate and vanish after the 1st pharyngeal arch
arteries are formed (see below) (B Fig. 6.4).

Between the 3rd and 6th week of development in humans (E8.5-E13 in mice), the
thoracic segments of the dorsal aortae and the ventrally situated aortic sac form buds that
grow together and fuse to from six “pairs” of arteries. These arteries appear in a more or
less cranio-caudal temporary sequence on both sides of the pharynx and are formed in the
mesenchyme of the pharyngeal arches (8 Fig. 6.4), wherefore they are named as pharyn-
geal or aortic arch arteries. Immediately after formation, they start to become remodelled.
Certain segments are enlarged; others are reduced in diameter or entirely vanish.

At no time point, all six pairs simultaneously exist. For example, most segments of the
first two pairs have already largely vanished by the time point the 3rd to 6th are built.
Remodelling is largely finished with the start of the foetal period. An exception is the
ductus Botalli, which is a derivative of the left 6th pharyngeal arch artery that exists
throughout the entire foetal period and obliterates postnatally.

Human embryos only form four pharyngeal (branchial) arches. The material of the 5th
and 6th is condensed as the so-called ultimobranchial body. Hence the 5th and 6th pair of
pharyngeal arch arteries do not develop inside proper pharyngeal arch mesenchyme but

\/

B Fig. 6.4 Pharyngeal arch arteries. a-c Ziegler wax models of chick embryos. View from right of
subsequent developmental stages. Right primitive aortic arch (rpaa) and right pharyngeal arch arteries 1
(r1)-4 (r4). d-i. Surface-rendered 3D models of the pharyngeal arch arteries of mouse embryos between
embryonic day (E)12 d—f and E12.5 g-i derived from HREM volume data. View from right d, g, ventral e, h
and left f, i. Note the not yet fully separated ascending aorta (aa) and pulmonary trunk (pt) in d—f. bt
brachiocephalic trunk, da descending aorta, h heart, Ic left common carotid artery, Idoa left dorsal aorta, Is
left subclavian artery, 13 left 3rd pharyngeal arch artery, 14 left 4th pharyngeal arch artery, I5 left 5th pharyn-
geal arch artery, 16 left 6th pharyngeal arch artery, pa pulmonary artery, rav right anterior cardinal vein, rc
right common carotid artery, rdoa right dorsal aorta, rpv right posterior cardinal vein, rs right subclavian
artery, r1 right 1st pharyngeal arch artery, r2 right 2nd pharyngeal arch artery, r3 right 3rd pharyngeal arch
artery, r4 right 4th pharyngeal arch artery, r6 right 6th pharyngeal arch artery, 3 3rd pharyngeal arch artery,
4 4th pharyngeal arch artery, 5 5th pharyngeal arch artery, 6 6th pharyngeal arch artery
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in the mesenchyme laterally to the ultimobranchial body. This has a peculiar effect on the
5th and 6th pair. The 5th pair forms after the 6th pair is already established and shows up
as a connection between the 4th and 6th pharyngeal arch arteries, which runs in parallel
to the segment of the dorsal aorta between the 4th and 6th pharyngeal arch arteries with
a branch sometimes connecting to this segment [7, 9, 10] (B Fig. 6.4).

Segments of the first and second pair of pharyngeal arch arteries are remodelled to
become segments of head arteries, while the 3rd to 6th are remodelled into the great intra-
thoracic arteries. From the first pharyngeal arch artery, material only remains as segments
of the maxillary artery and the external carotid artery. Material from the distal portion of the
2nd pharyngeal arch artery forms the stapedial artery, which is the main source of blood
supply to the orbit in rodents, but a transient embryonic vessel in humans. Hence, from the
foetal stages onwards, there are no derivatives of the second pharyngeal arch arteries.

The 3rd to 6th pairs of pharyngeal arch arteries remodel to form the unpaired aortic
arch and the great intrathoracic arteries of the foetal cardiovascular system. The remodel-
ling process is highly complex and influenced by haemodynamic forces and cardiac neural
crest cells. At the time point the pharyngeal arch arteries start forming, the latter migrate
in the mesenchyme of the forming pharyngeal arches towards the outflow tract of the
heart. Some remain in the mesenchyme and become incorporated into the walls of the
pharyngeal arch arteries.

Material of pharyngeal arch arteries three to six contributes to the following foetal blood
vessels: Segments of the third pharyngeal arch arteries remain as parts of the common carotid
and proximal parts of internal carotid arteries. Segments of the left 4th pharyngeal arch
artery remain as the segment of the aortic arch between left common carotid and left subcla-
vian artery (the proximal part of the aortic arch develops from the aortic sac and primitive
ventral aorta). The right 4th pharyngeal arch artery remains as the proximalmost segment of
the right subclavian artery. The 5th pair of pharyngeal arch arteries exists only transiently
and vanishes entirely. The left 6th pharyngeal arch artery contributes to the distal pulmonary
trunk and persists as ductus arteriosus (Botalli). The latter is essential for foetal circulation
and obliterates postnatally. The proximal part of the right 6th pharyngeal arch artery persists
as the most proximal part of the right pulmonary artery (8 Table 6.1 and @ Fig. 6.5).

The segments of the left and right dorsal aorta in between the pharyngeal arch arteries
obliterate and vanish, except for the segment between the left 4th and 6th pharyngeal arch
arteries. This segment seems to remain as a very small part of the aortic arch proximal to
the origin of the left subclavian artery. The segment of the right dorsal aorta between the
6th pharyngeal arch artery and the bifurcation where the two dorsal aortae form a single
vessel first elongates and then obliterates and vanishes immediately before the foetal cir-
culation is established.

Abnormal remodelling, that is, abnormal regression or persistence of single pharyngeal
arch arteries, is quite frequent. Examples are double lumen aortic arch as persistence of the
left 5th pharyngeal arch artery, type B interrupted aortic arch as a result of total regression
of the left 4th pharyngeal arch artery and retro-oesophageal right subclavian artery, as an
example of abnormally total regression of the right 4th pharyngeal arch artery (8 Fig. 6.5).

6.5 Foetal Circulation

The foetus swims in the amnion and lacks the ability to eat or breath. It therefore receives
nutrients and oxygen via the placenta. The placenta is an organ comprised of maternal and
foetal material, in which foetal blood vessels directly border to maternal blood spaces.
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O Table 6.1 Derivatives of pharyngeal arch arteries (PAA)
PAA Derivatives

1st Segments of maxillary artery

Ventral part of external carotid artery
2nd Stapedial artery
3rd Distal segment of common carotid artery

Proximal segment of internal carotid artery

Right 4th Proximal segment of right subclavian artery

Left 4th Aortic arch between left carotid and left subclavian artery
5th -

Right 6th Proximal pulmonary artery

Left 6th Distal pulmonary trunk

Ductus arteriosus Botalli

Small substances, up to a molecular weight of 1000 Da, can diffuse through the so-called
placental barrier from the maternal into the foetal blood and vice versa.

From the placenta the umbilical vein brings blood back to the foetus. It runs in the
umbilical cord, enters the foetal body through the navel and continues in the free lower
rim of the ventral mesogastrium towards the liver hilus. Here it drains into the left branch
of the portal vein. In contrast to the foetus, embryos have a left and right umbilical vein.
But most segments of the right umbilical vein obliterate during embryogenesis leaving
only a thin vessel, the paraumbilical vein that connects the subcutaneous veins of the body
wall with the liver vasculature. Even this remnant of the right umbilical vein often fully
obliterates during the foetal period.

From the left branch of the portal vein, a thick blood channel, the ductus venosus
(Arantii), arises and connects to the vena cava inferior. The vena cava inferior pierces the
diaphragm, enters the pericardial cavity and drains into the right atrium from caudal.
Thus, the vast majority of the oxygenated blood entering the portal vein circumvents the
liver vasculature via the ductus venosus and almost directly reaches the foetal heart.
Only small amounts of oxygenated blood enter the liver. Since the foetal heart pumps
the foetal circulation and the blood flow is from the placenta to the heart, all these ves-
sels are veins.

In the right atrium, at the ostium of the vena cava inferior, a valvelike structure, the valva
venae cavae inferioris (Eustachii) directs the blood stream directly towards the foramen
ovale. On its way it passes to the almost canal-like space left to the septum secundum and the
free edge of the septum primum, thereby bulging the septum primum leftwards into the
cavity of the left atrium. Thus, the oxygenated blood enters the left atrium through the fora-
men ovale (former foramen secundum) in a caudo-cranial direction. Once in the left atrium,
the relatively high pressure in the lung veins prevents the blood from draining into these
veins, and it takes its way through the left atrioventricular ostium into the left ventricle.

The left ventricle pumps blood into the aorta. Through the coronary arteries, it supplies
oxygen and nutrients to the heart and through the big arteries of the aortic arch to both
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upper limbs and the head and neck. The rest of the oxygenated blood enters the descend-
ing aorta and mixes with the low-oxygen blood coming through the ductus arteriosus.

The venous blood from the upper body comes back to the heart via the veins collected
by the superior vena cava. It enters the right atrium from cranial. Inside the atrium the
blood stream passes ventrally to the stream of blood from the vena cava inferior almost
without mixing. Through the right atrioventricular ostium, it then enters the right ven-
tricle, which pumps it into the truncus pulmonalis. Since the lung is not yet inflated, the
high pressure inside the lung vasculature forces the majority of the low-oxygen blood to
take its way through the ductus arteriosus into the descending aorta. Thus the first segment
of the descending aorta receives oxygenated blood through the aortic arch and low-oxygen
(venous) blood via the ductus arteriosus.

The descending aorta gives rise to intercostal arteries, transits the diaphragm and sup-
plies blood to the abdominal and retroperitoneal organs. It bifurcates into the common
iliac arteries. Each common iliac artery in turn bifurcates into an internal and external
iliac artery, which supply blood to the pelvic organs and lower limbs. The first branch of
the left and right internal iliac artery is the umbilical artery. The two umbilical arteries
ascend towards the navel and, running inside the umbilical cord, take the low-oxygen
(venous) blood back to the placenta.

Blood from the lower body half is collected by vessels draining into the vena cava
inferior or to a small amount into the azygos vein, which drains into the vena cava supe-
rior. Venous blood from the gut drains into the portal vein and either enters the liver
vasculature or to a very small amount is taken into the ductus venosus, together with the
oxygenated blood coming via the umbilical vein.

= Sites at Which Arterious and Venous Blood Mix

The foetal circulation has some sites where blood with high and low oxygen levels mix up:

1. Left branch of portal vein
The portal vein and thus also its left branch receive blood from the gut. But the left
branch also receives the umbilical vein and opposite to its junction gives rise to the
ductus venosus. Hence, small amounts of oxygenated blood coming with the umbilical
vein and low-oxygen blood coming from the gut mix up at this crossroad.

2. Connection inferior vena cava/ductus venosus
The vena cava inferior receives venous blood from the lower body. This becomes mixed
into the oxygenated blood draining into the vena cava inferior through the ductus venosus.

<
<

O Fig. 6.5 Foetal arrangement of great intrathoracal arteries (E14.5 mouse foetus). a-f Volume-
rendered and surface-rendered 3D models reconstructed from “high-resolution episcopic microscopy”
(HREM). c and f enlargement of arteries in the boxed region of b and e. View from ventral a-c and from
left d-f. Colour coding in f indicates the derivation of the segments of the great arteries from the
respective pharyngeal arch arteries. Aortic sac (red), left 3rd pharyngeal arch artery (orange), left 4th
pharyngeal arch artery (yellow), left subclavian artery (violet) and left 6th pharyngeal arch artery (blue).
g-h Examples of malformations caused by abnormal remodelling of the pharyngeal arch arteries. g
Double lumen aortic arch. Arrow points to remnant of 5th pharyngeal arch artery. h Interrupted aortic
arch type B. Arrow points to position of missing segment of left 4th pharyngeal arch artery. I. Persisting
right dorsal aorta (arrow). aa ascending aorta, bt brachiocephalic trunk, da descending aorta, dB ductus
arteriosus Botalli, | lung, la left atrium, Ic left common carotid artery, Is left subclavian artery, lv left
ventricle, pa pulmonary artery, pt pulmonary trunk, ra right atrium, rc right common carotid artery, rs
right subclavian artery, rv right ventricle, tr trachea
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Connection liver veins/inferior vena cava

Between the connection with the ductus venosus and it draining into right atrium, the
vena cava inferior receives the liver veins. They mix low-oxygen blood draining from
the liver into the oxygenated blood of the vena cava inferior.

Right atrium

The anterior space of the right atrium receives low-oxygen blood via the superior vena
cava and the coronary sinus. The posterior part receives oxygenated blood via the infe-
rior vena cava, which is directed towards the foramen ovale by the valva Eustachii.
Most of the time, the two blood streams pass through the atrium, one ventrally and
one dorsally, without much interference. But during atrium contraction, small amounts
of oxygen-rich and oxygen-poor blood get mixed.

Left atrium

The left atrium receives oxygenated blood through the foramen ovale. Low-oxygen
blood enters from the four lung veins. Since the lungs are not inflated yet, this is only
a small amount.

Connection ductus arteriosus/descending aorta

From the aorta oxygenated blood drains into the descending aorta. Low-oxygen
blood comes via the ductus arteriosus.

Take-Home Message

Detailed descriptions of cardiovascular morphogenesis and profound knowledge of
the genetic and biomechanic factors triggering and orchestrating each single step
and event are essential for understanding cardiovascular malformations and diseases.
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What You Will Learn in This Chapter

In vertebrates, two specialized vascular systems facilitate effective fluid circulation: the
blood vessels and the lymphatic system. These two tubular networks are closely linked and
contribute to the homeostasis of the organism at cellular and tissue level. In this chapter
you will learn about cellular and molecular mechanisms of blood and lymphatic vascular
system formation. This chapter also illustrates conditions and disease states when the
mechanisms of blood and lymphatic vascular system formation are not properly working.

7.1 Cellular and Molecular Mechanisms of Blood Vascular
System Generation

7.1.1 Introduction

The essential components of the vascular system are the heart, blood, and blood vessels.
Functioning of the blood vascular system affects numerous physiological and pathological
processes. This system plays, e.g., an important role in the delivery of oxygen and nutrients
to the tissues, in hormone transport, in the removal of carbon dioxide and degradation
products, in blood coagulation, in warm regulation, and in immune function. In patho-
logical conditions, the vascular system contributes to tumor growth and dissemination of
cancer cells.

7.1.2 Vasculogenesis, Angiogenesis, and Arteriogenesis

The blood vessel system is generated during the embryonic development by processes
referred to as vasculogenesis and angiogenesis (B Fig. 7.1).

Vasculogenesis I ‘:.'3':. Angioblasts

Blood island

Primary vascular plexus

1 Angiogenesis I

Arteries = g
Veins

Capillaries

B Fig. 7.1 Generation of the blood vascular system during the embryonic development. Blood vascular
system is generated from precursor cells designated as angioblasts. Angioblasts together with blood cells
constitute blood islands and form a primary vascular plexus before the onset of heartbeat. Veins and
arteries are generated by expanding of the primitive vascular plexus in a process of angiogenesis,
involving vessel remodeling and maturation. (Figure modified, and reproduced with permission, from
Ref. [9] p. 32, Springer Verlag)
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Vasculogenesis represents the de novo assembly of blood vessels from endothelial pro-
genitor cells called angioblasts [1]. Angioblasts derive from mesoderm, and they share a
common origin with blood cells. The formation of angioblasts is induced by fibroblast
growth factors (FGFs). Although vasculogenesis is operative mainly during the embry-
onic development, it also contributes to blood vessel generation and remodeling during
postnatal life, especially in ischemic, malignant, and inflamed tissues, by involvement of
multipotent adult progenitor cells and other cell types [2].

Angiogenesis involves sprouting and subsequent stabilization of these sprouts by mural
cells - pericytes in medium-sized vessels and vascular smooth muscle cells (vSMCs) in
large vessels. Angiogenesis also encompasses vessel remodeling by collateral growth to a
more complex and sophisticated vascular network [3].

Arteriogenesis denotes formation of arteries during the embryonic development.
Endothelial progenitor cells may differentiate either into vein or arterial endothelial cells,
and this process is influenced, e.g., by proteins of the Notch family [4, 5], as well as ephrin
family members, specifically ephrinB2 and ephrinB4 [6-8].

7.1.3 Pro-angiogenic and Anti-angiogenic Factors Affecting
Blood Vessel Formation and Regression

During vasculogenesis, vascular endothelial growth factor VEGFE-A, together with its cog-
nate VEGF receptor 2 (VEGFR?2), fosters growth of endothelial cells and their survival [1,
10]. Further stimuli to this process provide cell adhesion molecules such as VE-cadherin
and PECAM-1 (CD-31), as well as transcription factors (e.g., ets-1) that participate in sub-
sequent events of endothelial cell differentiation, apoptosis, and angiogenesis [1]. However,
VEGF-A does not solely act on endothelial cells, but it also affects other cell types. For
example, VEGF-A acts as a chemoattractant on monocytes [11]. Other growth factors
affecting angiogenesis include placental growth factor (PIGF), a homolog of VEGF-A, and
angiopoietin 1 and angiopoietin 2 that bind to their receptor Tie-2. While angiopoietin 1 is
important for the recruitment of vSMCs and pericytes, angiopoietin 2 acts antagonistically
on angiopoietin 1 [12]. Basic fibroblast growth factor (bFGF) stimulates proliferation and
differentiation of numerous cell types that are necessary for blood vessel formation, and it
increases formation of vascular capillaries [13]. Platelet-derived growth factor (PDGF),
and especially its isoform BB, is expressed particularly strongly in tip cells of angiogenic
sprouts and in the endothelium of growing arteries, where it actively induces recruitment
of pericytes and vSMCs [14, 15]. Hypoxia-inducible factor-1a (HIF-1a), rapidly synthe-
sized under hypoxic condition, robustly increases synthesis of many pro-angiogenic fac-
tors, including VEGEF-A [16]. For maintaining the integrity of established blood vessels,
proper blood flow and thrombocytes are very important [17-20].

The established blood vessels may also regress. Although such regression occurs phys-
iologically when the nascent vasculature consists of too many vessels, increased regression
of blood vessels may be a hallmark and contributory factor to many pathological condi-
tions. It can be induced, e.g., by anti-angiogenic factors secreted by cells of the connective
tissue or by immune cells. Thrombospondin 1, a large glycoprotein affecting adhesion,
and endostatin, a C-terminal fragment derived from type XVIII collagen, suppress prolif-
eration and survival of vascular cells [21, 22]. Angiostatin, another anti-angiogenic factor,
is a cleavage product of a coagulation protein plasmin [23]. Interferons may exert their
anti-angiogenic effects by diminishing bFGF levels [24, 25].
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7.1.4 Process of Angiogenesis Affects Numerous Physiological
and Pathological Processes

Numerous animal and human studies demonstrated that angiogenesis plays an important
role in wound healing and menstruation as well as in disease states, such as cardiovascular
disease, stroke, psoriasis, age-related blindness, and vasculitis, and the list of known condi-
tions where angiogenesis plays an important role has been constantly growing [2]. Augmented
angiogenesis occurs in the retina of diabetic patients [26], in the intestine of patients with
inflammatory bowel disease [27], in the bones and joints of patients with arthritis or synovi-
tis [28, 29], and in the lung of patients with pulmonary hypertension or asthma [30].
Furthermore, insufficient angiogenesis or vessel regression may also affect organ function.
Such condition may cause heart and brain ischemia due to an impairment in collateral blood
vessel growth, e.g., in diabetic patients [31, 32]. Collateral blood vessel growth is also impaired
in patients with atherosclerosis [33], and it decreases with age, as seen e.g., in older experi-
mental animals upon the exposure to limb ischemia [34] or arterial injury [35]. Reduced
angiogenesis also contributes to preeclampsia [36] and osteoporosis [37].

The elaboration of a technique of gene knockout, based on the use of embryonic stem
cells and gene inactivation via homologous recombination, has allowed to elucidate the
role of different genes in blood vessel formation. Remarkably, in many cases it was found
that functionality of blood vessels may be severely impeded by mutations in single genes.
For example, disruption of only one allele of VEGF-A led to embryonic lethality of mice
due to insufficient vascular development [38]. Likewise, inactivation of VEGFR2 was early
embryonic lethal due to defects in the vasculature [39]. Mice deficient for PDGF-B and
PDGFR-f continued to develop only until embryonic days E16-E19, at which time mas-
sive hemorrhage and edema occurred. In these animals, the lack of pericyte and vSMC
was observed already at the onset of angiogenic sprouting at around E10 [14, 40, 41]. In
addition, clinical studies revealed low expression levels of VEGF-A and neuropilin-1 (co-
receptor of VEGF-A and semaphorin) in patients with DiGeorge syndrome, characterized
by congenital heart problems and other symptoms [42]. Mutations in Tie-2 gene were
found to cause venous malformations [43], and mutations in Notch-3 gene resulted in the
hereditary arteriopathy and increased susceptibility to stroke [44].

Furthermore, angiogenesis has been shown to play a crucial role in tumor develop-
ment, supporting primary tumor growth, and later on fostering its metastatic spreading
[45]. Specifically, tumor vascularization was found very important for the initiation of
tumor growth beyond certain size, as advocated in a theory of “angiogenic switch” by
Judah Folkman [46]. In the initial avascular phase of tumor growth, when the tumor is
still small, normal levels of interstitial nutrients are sufficient for tumor survival. However,
such avascular phase ends after the tumor has reached a size of 1-2 mm. At that stage, the
hypoxia in the inner mass of the tumor induces production of HIF-1a that robustly stimu-
lates VEGEF-A secretion, leading to sprouting of existing vessels, thus supplying the tumor
with blood and nourishment (8 Fig. 7.2).

In addition to secretion of HIF-1a and VEGF-A, tumors have developed remarkable
ways to further stimulate their growth. For example, they release chemotactic cytokines,
thus attracting immune cells that secrete angiogenic factors, further facilitating tumor vas-
cularization. Furthermore, tumors not only utilize the existing blood vessel system for their
modification by angiogenesis, but they also generate new blood vessels by vasculogenesis or
use the mechanisms of “vascular mimicry” In the former process, tumor cells act as plu-
ripotent stem cells that are able to differentiate into endothelial cells and contribute to the
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Growing vascularized tumor

Initial avascular
tumor

Angiogenic switch

HIF-1a, VEGF-A...

B Fig. 7.2 Upon reaching a certain size, the hypoxic conditions within the tumor stimulate the
production of HIF-1a leading to subsequent VEGF-A release from tumor cells, thus fostering sprouting of
existing vessels. The generated blood vessels promote tumor growth

formation of new vessels. The latter process denotes the generation of microvascular chan-
nels by aggressive and deregulated tumor cells. All these mechanisms promote tumor vas-
cularization and subsequent tumor dissemination to distant locations [47].

In agreement with the assumption that angiogenesis in tumors can be inhibited, and
this would keep them small and clinically not relevant, drugs targeting VEGF or VEGF
receptors have been developed. Avastin (bevacizumab), an antibody against VEGF-A, and
ramucirumab, an antibody against VEGFR2, as well as other VEGF pathway inhibitors
(including small molecule tyrosine kinase inhibitors sunitinib, sorafenib, and pazopanib),
are in clinical use in combination with immunotherapy or cytostatic drugs for treatment
of a variety of cancer types. However, latest findings argue that the effectiveness of the
current anti-angiogenic therapies focused on targeting VEGF in cancer might be limited
due to intrinsic tumor resistance or developed drug resistance [48]. Therefore researchers
are developing alternative ways of tumor inhibition that are based, e.g., on pharmacologi-
cal suppression of angiogenesis using metabolic targeting. As sprouting of endothelial
cells is utterly glycolysis-dependent [49], transient suppression of glycolysis, e.g., by inhib-
iting the glycolytic activator PFKFB3, seems to be promising for defeating pathological
angiogenesis without causing systemic effects [50, 51].

7.2 Cellular and Molecular Mechanisms of Lymphatic Vascular
System Generation

7.2.1 Introduction

Although the blood vascular system has been recognized for centuries, the lymphatic sys-
tem was initially described only in 1627. At that time Gaspare Aselli observed in dogs fed
with lipid-rich meal structures that he designates as the “lacteae venae,” i.e., milky veins.
The lymphatic system is composed of a vascular network of thin-walled capillaries and
larger lymphatic collecting vessels and the thoracic duct. In addition, the lymphatic sys-
tem also comprises lymphoid organs such as the lymph nodes, tonsils, Peyer’s patches, the
spleen, and the thymus, which all play an important role in the immune response.
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Lymphatic capillaries, in contrast to blood vessel capillaries, do not have a continuous
basement membrane, and this enables them to continuously receive interstitial fluid contain-
ing macromolecules, cells, and lipids. Larger collecting lymphatic vessels are covered by
vSMCs and supporting pericytes and have a basement membrane. In addition, they have
luminal valves, and this helps them to prevent backflow of the lymph [52, 53]. The lymphatic
system pervades almost the entire body, with the exception of some partially avascular struc-
tures such as the epidermis, cornea, nails, and hair [54]. Until recently, the central nervous
system was considered as an organ devoid of lymphatic vasculature. However, recent work
showed the presence of a lymphatic vessel network in the dura mater of the mouse brain [55].
The lymphatic system enters the blood circulation through the thoracic duct into the right
subclavian vein [53]. Lately, also other communication routes between the lymphatic and
venous systems — specifically in the axillary and subiliac regions — were reported [56].

7.2.2 Lymphangiogenesis and Factors and Conditions Affecting
Lymphatic Vessel Formation

Lymphangiogenesis, the generation of the lymphatic system, starts shortly after the vascu-
lar system has been formed by vasculogenesis and angiogenesis. In mice lymphangiogen-
esis begins in ~ E9.0-9.5 [54] and in human in the 6th to 7th embryonic week [57].

Two models of lymphangiogenesis were presented in the beginning of the twentieth
century. At around 1902 Florence Sabin injected ink into the skin of pig embryos, which
allowed her to visualize lymph sacs and lymph vessels. She concluded that lymphatics
originate from embryonic veins [58]. At Sabin’s times Huntington and McClure proposed
that mesenchymal cells are responsible for the generation of lymph sacs and lymphatic
vasculature [59]. Although contemporary studies using, e.g., a detailed “line tracing
approach” in mouse knockout models fully supported Sabin’s hypothesis [60], it was also
shown that mesenchymal cells to a certain extent contribute to the generation of lymph
sacs and lymphatic vasculature [61].

Discovery of specific markers of the lymphatic endothelium, e.g., Lyve-1 and podo-
planin [62, 63], as well as the extensive use of mouse knockout models in the last two to
three decades, enabled researchers to elucidate the mechanism of lymphangiogenesis. It
was shown that the development of the lymphatic system is governed by the polarized
expression of a master control gene of lymphatic development, the Prox1 gene [64].
Subsequent formation of lymph sacs is achieved via migration and sprouting of cells
derived from the cardinal vein, and this process is under the control of VEGF-C [65]. The
lymphatic system further develops “centrifugally” under the influence of angiopoietin-2,
ephrinB2, FOXC2, and podoplanin genes, as reviewed [57]. In addition, integrin-a9 is
responsible for the proper lymphatic valve morphogenesis [66].

During the embryonic development, the lymphatic system gets separated from the
blood vessel system, and until recently it was not clear how this process takes place [57]. The
“nonseparation phenotype” of the blood vessels and lymphatic system was firstly described
in a pivotal study of a group of Mark Kahn, who reanalyzed previously generated mice
deficient in SLP-76, Syk, or phospholipase-Cy2 genes [67]. The cause for this “nonsepara-
tion” has remained, however, enigmatic. At the Medical University of Vienna, we identified
the “nonseparation phenotype” upon the disruption of podoplanin gene in mice. We showed
that podoplanin and activated platelets, both present on sprouting lymph sacks (8 Fig. 7.3),
are critically responsible for the separation of the blood and lymphatic circulation during
the embryonic development [68, 69]. This “platelet hypothesis” was corroborated soon by
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Podoplanin Platelet integrin o3, Lyve-1 Platelet integrin o,,p;

E13.5 +/+ E13.5 +/+

Lymph sac Lymph sac

Cardinal

vein :
Cardinal

vein

O Fig. 7.3 Platelet aggregation driven by podoplanin is linked to separation of the lymph sacs from
cardinal veins. In the mouse, the lymphatic system starts to develop from the cardinal vein at around ~
E9.0-9.5. This process of lymphangiogenesis is initiated by polarized expression of Prox1 and Lyve-1 on
the cardinal vein and later on followed by formation of the lymphatic sac under the control of VEGF-

C. Pictures show the presence of platelet thrombi (labeled for integrin o, B, in red) on sprouting
podoplanin- a and Lyve-1- b positive cells, facilitating the developmental separation of lymphatic and
blood vessels, as previously reported [69]. Scale bars in panels equal 50 pm

other studies, as the “nonseparation phenotype” was found also upon disruption of the
homeodomain transcription factor Meis1 in mice completely lacking platelets [70]. Further
proof for the critical role of podoplanin and platelet aggregation/activation in the develop-
mental separation of blood and lymphatic system was provided by the group of Mark Kahn.
The authors showed that disruption of the CLEC-2, podoplanin’s receptor expressed mainly
on the platelets, induced in CLEC-2-deficient mice the “nonseparation phenotype,” thus
recognizing platelets as the cell type in which SLP-76 signaling is required to regulate lym-
phatic vascular development [71].

7.2.3 Proper Functioning of the Lymphatic System Affects
Numerous Physiological and Pathological Processes

The physiological role of the lymphatic system is to return proteins and fluids that have
seeped into the extracellular space from the blood vessels (extravasation) back into the blood
circulation. The lymphatic system functions as a conduit for lymphocytes and antigen-
presenting cells that are part of the lymph fluid [72]. In addition, this system enables the
absorption of triglycerides from the intestine [53]. Lymphatic system is also important for
obesity, inflammation, and regulation of salt storage during hypertension [73]. The failure of
the lymph transport leads to lymphedema — an accumulation of lymphatic fluid in the tissue,
a harmful, disabling, and occasionally life-threatening disease [74]. Lymphedemas can be
classified as primary and secondary.

Primary lymphedemas are caused by gene mutations. In patients with Milroy disease
characterized by the absence or reduction of lymphatic vessels seen at birth [75], muta-
tions in vascular endothelial growth factor receptor 3 (VEGFR3) have been identified
[76-78]. In persons with lymphedema-distichiasis syndrome characterized by distichiasis
(a double row of eyelashes) at birth, and bilateral lower limb lymphedema at puberty,
mutations in the transcription factor FOXC2 were found [79, 80]. In these patients, in spite
of the normal number of lymphatic vessels, their lymphatic draining is not functioning,
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O Fig.7.4 A46-year-old
woman after surgery and
radiation for uterine cancer.
Lymphedema in her left leg was
confirmed by the lymphoscinti-
gram, which shows marked
dermal backflow. (Figure
reproduced, with permission,
from Ref. [92], p. 14, Springer
Verlag. Photos courtesy Emily
lker)

probably because of the lack of the lymphatic valves and impaired coverage of lymphatic
capillaries with mural cells [81]. In human affected with hypotrichosis-lymphedema-tel-
angiectasia (a syndrome characterized by hair loss and underdeveloped eyebrows and
eyelashes, lymphedema, and dilated blood vessels on the skin), mutations in the transcrip-
tion factor SOX18 were detected [82, 83]. Another cause for primary lymphedemas can be
mutations in integrin-a9 gene detected in human fetuses with severe chylothorax [84].

Secondary lymphedemas represent worldwide most cases of lymphatic dysfunction,
and they are instigated by some kind of external damage to the lymphatic vasculature.
Secondary lymphedema can be caused by infections (e.g., filariasis), surgery, or radio-
therapy. Filariasis itself is the most common secondary lymphedema affecting more than
100 million people, especially in tropical areas [85]. Filariasis is the result of a parasitic
infection by mosquito-borne parasitic worms (Wuchereria bancrofti or Brugia malayi)
which are located in the lymphatic system, where an inflammatory response stimulates
the production of VEGF-A, VEGF-C, and VEGF-D. It often causes hyperplasia, obstruc-
tion, and extensive damage to the lymphatic vessel, finally leading to a chronic lymph-
edema of the lower limbs or genitals, which leads to permanent disability [86-88].

In the industrial world, secondary lymphedemas are primarily initiated by lymph
node dissection or radiation therapy [88]. Impaired lymphatic transport causing edemas
occurs in 15-20% of cases after breast cancer surgery [89], but it may be caused also by
surgery and radiation of other cancer types (8 Fig. 7.4). Regrettably, treatment of lymph-
edema is still mainly restricted to conservative therapies such as compression garments,
massage, manual drainage, liposuction, and modifications of the diet (primarily focused
on minimizing the consumption of long-chain fatty acids) [88, 90, 91].
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A study in mice showed that delivery of VEGF-C/VEGEF-D via adenovirus stimulates
regeneration of collecting lymphatic vessels, including the formation of intraluminal
valves, after the excision of lymph nodes and the adjacent collecting lymphatic vessels
[93]. These results suggested that VEGF-C/VEGE-D delivery might provide a basis for
therapy of lymphedema, especially in cases of injury and restoration of primary lymph-
edemas but also in other conditions [94-96]. At present, a phase I multicenter clinical
study in patients with early breast cancer-related upper extremity lymphedema is currently
in progress. It should assess the safety and efficacy of using a VEGF-C adenoviral vector in
combination with vascularized lymph node transplantation [97].

Lymphangiogenesis also plays an important role under pathological conditions in can-
cer. Kaposi sarcomas in AIDS patients, as well as angiosarcomas, express both lymphatic
and blood vascular endothelial markers [62]. Lymphangiogenesis also facilitates primary
tumor growth and cancer cell dissemination, and the presence of cancer cells in the tumor-
adjacent “sentinel” lymph node has been shown to correlate with survival of patients [98,
99]. Recently, by directly injecting cancer cells into the lymphatic vessels of mice and fol-
lowing up their migration into the lymph nodes, researchers demonstrated that blood ves-
sels of the lymph nodes, designated as “high endothelial venules,” serve as an exit route for
rapid systemic dissemination of cancer cells [100]. Currently it remains to be determined
if such form of tumor cell spreading also occurs in human cancer patients.

— Take-Home Message

== Blood vessel formation is controlled by a complex interplay of pro-angiogenic and
anti-angiogenic factors. Vasculogenesis represents the de novo assembly of blood
vessels by endothelial progenitor cells. Angiogenesis involves sprouting and
subsequent stabilization of these sprouts by pericytes in medium-sized and
vSMCs in large vessels. Arteriogenesis denotes formation of arteries.

= The status of blood vessels affects many conditions, including cardiovascular
disease, diabetes, stroke, age-related blindness, psoriasis, osteoporosis, as well
as wound healing and menstruation. Angiogenesis also contributes to primary
tumor formation and metastasizing.

= The lymphatic system starts to develop shortly after the vascular system has
been formed by vasculogenesis and angiogenesis, and this process is referred
to as “lymphangiogenesis.”

== The physiological role of the lymphatic system is to return proteins and fluids
that have seeped into the extracellular space from the blood vessels (extrava-
sation) back into the blood circulation. The lymphatic system functions as a
conduit for lymphocytes and antigen-presenting cells that are part of the
lymph fluid. In addition, this system enables the absorption of triglycerides
from the intestine. The lymphatic system is also important for obesity, inflam-
mation, and regulation of salt storage during hypertension. In pathological
conditions, it also contributes to dissemination of cancer cells.

= Primary lymphedemas are caused by genetic mutations. Secondary lymphedemas
represent worldwide most cases of lymphatic dysfunction and include, e.g.,
filariasis as well as lymphedemas caused by lymph node dissection or radiation
therapy. Treatment of lymphedema is still mainly restricted to conservative
therapies such as manual emptying, massage, compression garments, liposuction,
and diet modification, and new treatment strategies are being developed.
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What You Will Learn in This Chapter

Hemostasis is a physiological process that allows rapid, localized, and highly regulated
closure of an injured blood vessel while maintaining normal blood flow. It involves plate-
lets (primary hemostasis), coagulation factors (secondary hemostasis), as well as com-
ponents of the vessel wall. Upon vessel injury, circulating platelets rapidly adhere to the
exposed subendothelial matrix, leading to platelet activation and concomitant release
of secondary feedback molecules to stimulate and recruit additional platelets from the
circulation. Direct platelet-platelet binding produces a platelet plug (white thrombus). In
parallel, a cascade of coagulation factors is induced, which leads to cleavage and cross-
linking of soluble fibrinogen into insoluble fibrin, forming a tight network transforming
the initial, unstable platelet thrombus to a stable thrombus (red thrombus). Numerous
positive feedback loops as well as anticoagulant mechanisms guarantee locally restricted
coagulation at defined cellular surfaces and prevent excessive blood loss while ensur-
ing vascular integrity and unrestricted blood flow. During wound healing processes, the
thrombus is dissolved by the fibrinolytic system, which degrades fibrin and re-establishes
physiological blood flow.

8.1 Principles of Primary Hemostasis

8.1.1 Platelets: Cells with Unique Structure

Human platelets are small, anucleate cells with a discoid shape and a life span of 7-10 days.
With 150-400,000 cells/pl, platelets constitute the second most abundant circulating blood
cell, though approximately one third of all platelets are stored in the spleen [1, 2]. Platelets
are shed into the blood stream from their progenitor cells in the bone marrow. These large,
polyploid megakaryocytes respond to thrombopoietin (TPO) as a major regulatory fac-
tor to form long cytoplasmic expansions (proplatelets), which cross through the bone
marrow sinusoids into the circulation, where they fission into platelets. Thus, thrombo-
poiesis can yield up to 10,000 platelets per megakaryocyte.

Platelets contain three different types of granules: a-granules, dense granules, and
lysosomes. The most abundant platelet vesicles, numbering 50-80 per platelet, are
a-granules which may contain up to 1000 different proteins [3], including modulators
of coagulation (e.g., FV, FVII, FVIII, FIX, FXIII, fibrinogen), adhesion and membrane
proteins (e.g., von Willebrand factor (yWEF), thrombospondin, CD40 ligand, P-selectin),
antimicrobial peptides (e.g., B-thromboglobulin (f-TG), neutrophil-activating peptide 2
(NAP-2)), chemokines (e.g., platelet factor 4 (PF4/CXCL4), interleukin (IL)-1p, IL-8), as
well as multifunctional growth factors (e.g., vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), transforming growth factor-p (TGF-p)) [4, 5].
Due to their lack of nucleus, platelets are generally unable to de novo synthesize proteins
with only few reported exceptions such as IL-1f, B-cell lymphoma 3-encoded protein
(Bcl-3), and tissue factor (TF) [6-8] which are spliced and translated from pre-existing
mRNA. Consequently, proteins in platelet a-granules are prepackaged and derive from
megakaryocytes or were taken up from plasma [9-11]. Dense granules store small mole-
cules, including ADP, ATP, Ca?*, polyphosphates, and bioactive amines such as serotonin.
Lysosomes are rare platelet vesicles and contain metabolic enzymes such as acid proteases
(e.g., cathepsins) and glycohydrolases [4, 12].
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Upon activation platelets degranulate, releasing the soluble content of - and dense
granules via exocytosis, including the secondary feedback molecule adenosine diphos-
phate (ADP). Additionally, granular membrane proteins are translocated to the cell sur-
face from where they can be cleaved off into the circulation to function as endocrine
mediators [4, 13]. Alternatively, exposed membrane proteins (e.g., P-selectin) enable
platelets to bind to other cells including other platelets, endothelial cells, or leuko-
cytes. In resting platelets, a marginal ring of microtubules maintains the discoid shape.
However, during activation platelets undergo a drastic shape change and form filopodia
and lamellipodia to increase their size, allowing them to form aggregates and cover vas-
cular injuries more easily. This shape change is accompanied by profound cytoskeletal
reorganization: The marginal microtubule coil is compressed into the center of the cell
and disintegrates, while individual microtubules are formed to allow the formation of
cellular protrusions [14].

In addition to specific granules, platelets contain two unique membrane systems: The
platelet dense tubular system (DTS), a remnant of megakaryocyte smooth endoplasmic
reticulum, functions as internal Ca?* storage and is involved in the synthesis of the sec-
ondary feedback molecule thromboxane A, (TXA,) [15]. Furthermore, a unique invagi-
nated membrane network, the open canalicular system (OCS), permeates throughout the
platelet like a sponge. Due to its surface connection, it has major functions in uptake
and redistribution of substances from the plasma into organelles [16, 17]. Similarly, upon
stimulation platelet granules release their content into the OCS [18]. Further, the OCS acts
as membrane and adhesion receptor reservoir for the extensive surface expansion during
platelet activation [19].

8.1.2 Platelet Function in Primary Hemostasis

Hemostasis is a tightly controlled process to ensure vascular integrity upon injury and
to prevent excessive platelet activation and thrombus formation which would compro-
mise blood flow. Under resting conditions, endothelial cells constantly release nitric oxide
(NO) and prostacyclin (PGI,) and express thrombomodulin (TM) which prevents plate-
let activation by increasing intra-platelet cyclic guanosine or adenosine monophosphate
(cGMP or cAMP) levels or by scavenging thrombin, respectively [20, 21]. These resting
platelets patrol the circulation. Upon endothelial injury, these protective molecules are
lost, and the subendothelial matrix is exposed to the blood flow. Thus, primary hemostasis
is initiated and can be structured in three distinct phases, platelet adhesion, activation,
and aggregation, as illustrated in @ Fig. 8.1.

8.1.2.1 Adhesion

Although VWF is constantly present in the plasma, its globular form has negligible affin-
ity for its receptor glycoprotein (GP) complex GPIb-V-IX on platelets. Immobilization of
vWF on subendothelial collagen subjects vWF to high shear stress and induces its confor-
mational unfolding, strongly increasing its receptor affinity [22]. Initial platelet adhesion
via vWF/GPIb-V-IX is fleeting but induces platelet rolling and decreases their velocity to
allow binding to collagen via GPVI and GPla/lla (integrin a,f3,). While GPIa/ITa mainly
mediates platelet firm adhesion to the injured vessel, GPVI primarily causes collagen-
induced platelet activation [23, 24].
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O Fig. 8.1 Phases of platelet function in primary hemostasis. Platelets perpetually patrol the vessel lin-
ing for endothelial injury to ensure vascular integrity. To keep circulating platelets in a resting state, the
intact endothelium secretes nitric oxide (NO) and prostacyclin (PGl,) and express thrombomodulin (TM)
which prevents platelet activation. Upon vascular injury, the subendothelial matrix is exposed which
induces initial platelet rolling via fleeting von Willebrand factor (vWF)-glycoprotein Ib-V-IX (GPIb-V-IX)
binding, followed by stable adhesion via collagen/GPla/lla binding. Interactions of vVWF/GPIb-V-IX and
collagen/GPVI induce complex signaling, increasing intracellular Ca?* levels and resulting in platelet
activation with concomitant degranulation of a- and dense granules, surface exposure of negatively
charged phospholipids (PL), and activation of the fibrinogen receptor GPlIb/Illa. Release of the second-
ary feedback molecules adenosine diphosphate (ADP) and thromboxane A, (TXA,) recruits and activates
further platelets, creating a positive feedback loop. Activated platelets interact with each other to form
platelet aggregates which are stabilized by fibrinogen cross-linking to form a white thrombus. Further,
PL exposure initiates coagulation, thereby promoting conversion of fibrinogen into a stable fibrin mesh
and further stabilizes the platelet plug to form a red thrombus

8.1.2.2 Activation

Upon firm adhesion, vWF/GPIb-V-IX and collagen/GPVT interactions induce a com-
plex series of signaling cascades, resulting in platelet activation. This entails vast
cytoskeletal reorganization and platelet shape change, degranulation of a- and dense
granules, and integrin activation [23, 25, 26]. Degranulation also exposes negatively
charged phospholipids from the inner membrane leaflet to the surface (membrane flip-
flop) to assist coagulation via supporting prothrombinase complex assembly [27]. The
most abundant integrin on platelets is the fibrinogen receptor GPllb/Illa (ot,,B5), which
has a low ligand affinity in resting platelets. In activated platelets, signaling events lead
to binding of cytoskeletal proteins to GPIIb/IIIa, triggering a conformational change to
its active form which recognizes proteins containing an Arg-Gly-Asp (RGD) motif, such
as fibrinogen, fibronectin, and vitronectin [28-30]. This process is called “inside-out sig-
naling” Active GPIIb/IIIa readily binds to fibrinogen which is perpetually circulating in
the blood but also present in the subendothelial matrix or released from a-granules of
activated platelets. Fibrinogen binding triggers signaling events back into the platelet.
This so-called “outside-in signaling” further propagates platelet activation by enhancing
platelet spreading and degranulation [31].
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Efficient and persistent platelet activation is highly dependent on secondary feedback
molecules ADP and TXA, to amplify the physiological responses by activating nearby
platelets via inside-out signaling. Pre-stored ADP is released from platelet dense granules
upon stimulation. Additionally, activated platelets use membrane phospholipids to syn-
thesize TXA, which is released independently of degranulation. Together, ADP and TXA,
recruit resting circulating platelets to sites of vascular injury or endothelial activation
[22, 32]. Platelet activation, release of feedback molecules, and recruitment of circulating
platelets create a positive feedback loop, producing a growing platelet plug to cover the site
of vascular injury. The importance of these secondary feedback molecules is underlined
by the fact that common antiplatelet drugs inhibit the generation of TXA, by targeting
its synthesizing enzyme cyclooxygenase-1 (COX-1) (acetylsalicylic acid), or they block
the binding of ADP to its receptor (P2Y,, receptor antagonists, e.g., clopidogrel) [33].

8.1.2.3 Aggregation

Direct platelet-platelet interactions can occur via newly exposed or activated surface
receptors such as P-selectin; however, these initial aggregates are unstable. Binding of
multiple platelets to individual fibrinogen fibers via active GPIIb/IIIa enables fibrinogen
to cross-link adjacent activated platelets, thereby stabilizing the platelet aggregate. Thus,
primary hemostasis results in the formation of a firm but reversible platelet plug (white
thrombus). Antiplatelet GPlIb/Illa inhibitors (e.g., abciximab) use the dependency of
stable plug formation on fibrinogen binding, thereby preventing thrombosis.

Concomitant activation of the coagulation cascade results in thrombin production
which not only induces further platelet activation but also cleaves fibrinogen to fibrin.
Fibrin polymerizes to large fibers to form a netlike structure that catches circulating eryth-
rocytes and further stabilizes the platelet plug, resulting in an irreversible fibrin-rich red
thrombus (see » Sect. 8.2 “Principles of Secondary Hemostasis”).

The growing thrombus is a hurdle to the laminar blood flow and restricts the vessel
lumen. Locally increased shear forces promote platelet activation and coagulation which
exacerbates thrombus growth. As a countermeasure, outside-in signaling in platelets
induces clot retraction, a tightening and thus shrinking of the thrombus mediated by
cytoskeletal actin and myosin [31]. This function not only reduces thrombus-induced
shear stress but also pulls the wound edges closer together, which supports wound
healing [34].

8.1.3 Molecular Signaling Events During Platelet Activation

Platelet signaling comprises of a highly complex, interwoven network involving three
major pathways that are induced downstream of most major platelet agonists: phospho-
lipase C (PLC), phosphoinositide 3-kinase (PI3K)/ protein kinase B (Akt), and protein
kinase C (PKC).

Binding of vVWF to GPIb-V-IX recruits the adapter molecules 14-3-3(, Src kinase, Racl,
and PI3Kp which triggers downstream activation of the major effector enzyme PLCy [35].
The collagen receptor GPVI is coupled to a Fc receptor y chain (FcRy) and perpetually
associated with the Src family kinases (SFK) Fyn and Lyn. Upon ligand binding, Fyn
and Lyn phosphorylate the immunoreceptor tyrosine-based activation motif (ITAM) in
FcRy to bind and activate the tyrosine kinase Syk [26, 36, 37]. Syk and recruited PI3K«
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or PI3Kp orchestrate a complex signaling cascade, also leading to the activation of PLC
isoform y [38-40].

A number of platelet agonists signal via G protein-coupled receptors (GPCR), such as
ADP and thrombin. Further, GPCR-mediated signaling is triggered by TXA, binding to
TXA,/prostaglandin H2 receptor (TP) as well as by the agonist serotonin (5-HT) binding
to 5-HT,, receptor [41-43]. Platelets express two ADP receptors, P2Y, and P2Y, [43].
Engagement of P2Y, results in initial platelet aggregation, whereas P2Y , sustains and
amplifies platelet activation, highlighting P2Y , as target for antiplatelet drugs [44, 45].
ADP engages PLC isoform B as well as PI3Kf and PI3Ky to increase intracellular Ca®*
levels, degranulation, and integrin activation [40, 46]. The protease thrombin is gener-
ated as penultimate step of the coagulation cascade, acting as a potent platelet agonist.
Via proteolytic cleavage of their extracellular N-terminus, thrombin irreversibly activates
protease-activated receptors 1 and 4 (PAR-1 and PAR-4) on human platelets [47, 48],
which activate downstream PLCf [43].

PLCy and PLC@, induced by glycoprotein receptors (GPIb-V-XI, GPVI) or GPCRs
(P2Y, PARs, TP and 5-HT,,), respectively, cleave membrane phosphatidylinositol-4,5-
bisphosphate (PIP,) into the second messengers inositol-1,4,5-triphosphate (IP,) and
diacylglycerol (DAG) which trigger the release of Ca?* from the DTS and activation
of PKC, respectively. These steps lead to degranulation (thereby to feedback activation),
cytoskeletal reorganization, flipping of phospholipids to the outer membrane leaflet, and
integrin activation, as well as synthesis of TXA, by phospholipase A, (PLA,) which con-
verts PIP, into arachidonic acid, the substrate for COX-1 [49-51]. Furthermore, PLCp
and Ca** may lead to downstream activation of SFKs to further induce the PI3Kp path-
way [52-55].

Platelet PI3K binds to adapter proteins downstream of glycoprotein or integrin recep-
tors (PI3Ka and ) or to GPCRs (PI3Ky) and is thus activated by all major agonists. PI3K
phosphorylates PIP, to the second messenger phosphatidylinositol-3,4,5-triphosphate
(PIP,) [56, 57]. This induces recruitment and activation or protein kinase B/Akt, a central
signaling hub in platelet inside-out signaling, and mediates degranulation and integrin
activation [58]. An overview of the central signaling events is given in @ Fig. 8.2.

Box 8.1 The Evolution of Primary Hemostasis

Platelets and megakaryocytes are unique in realms of animal species and solely exist in
mammals. Evolutionary platelets derive from so-called hemocytes/hematocytes present in
invertebrates which fulfill both hemostatic and immune functions. Secretion of clotting proteins
and the ability to aggregate are already present in these amoeboid-like cells [59, 60]. Specialized
hemostatic cells only emerged in vertebrates. Here, the term “platelet” is reserved to specifically
describe the anucleate mammalian cell in comparison with the nonmammalian nucleated
“thrombocyte”. In lower vertebrates, diploid thrombocytes differentiate directly from progenitor
cells in the bone marrow. In comparison, platelet production via megakaryocyte budding or
rupture allows rapid production of high platelet numbers from one progenitor cell. Further,
nonmammalian thrombocytes do not store nucleotides and do not express ADP receptors,
indicating their lack of ADP feedback to promote activation [61]. Notably, structural and
functional differences exist also between mammalian species. As such, bovine, equine, and camel
platelets lack an OCS. Murine platelets, extensively used in preclinical studies, are structurally
similar to human platelets but show differences in receptor expression and associated functions
[19, 48, 62].



151
Mechanisms of Hemostasis: Contributions of Platelets, Coagulation...

In line with their evolutionary origin from a primordial multifunctional cell, platelets retain
immunologic capacity in addition to their primer and specialized function in hemostasis. This is
emphasized by their expression of various immune receptors including toll-like receptors and Fc
receptors that enable platelets to directly recognize and respond to invading pathogens [63-70]. By
releasing antimicrobial peptides or internalizing invading pathogens, platelets themselves partici-
pate in combating infectious agents and prevent their dissemination [5, 71, 72]. Further, activated
platelets rapidly secrete cytokines or bind to cells of the innate immune system to modulate their
activity. Thereby, platelets stimulate leukocyte activation and recruitment to sites of infection or
inflammation as well as pro-inflammatory effector functions such as neutrophil extracellular trap
formation, phagocytosis, oxidative burst, and release of pro-inflammatory cyto- and chemokines.
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B Fig.8.2 Molecular signaling events during platelet activation. The platelet agonists thrombin

and adenosine diphosphate (ADP) activate G protein-coupled receptors protease-activated receptor
1/4 (PAR-1/4) and P2Y, or P2Y,,, respectively, to induce phospholipase Cp (PLCB) or phosphoinosit-
ide 3-kinase (PI3K). In contrast, collagen/glycoprotein VI (GPVI) and vVWF/GPIb-V-IX signaling

involves multiple adaptor proteins and binding of kinases (e.g., Syk and Src) to recruit PI3Kp, which
leads to downstream activation of PLCy. Both PLC isoforms catalyze the conversion of membrane
phosphatidylinositol-4,5-bisphosphate (PIP,) into inositol-1,4,5-triphosphate (IP,) and diacylglycerol
(DAG), which induces Ca?* release from the dense tubular system (DTS) and activates protein kinase

C (PKCQ), respectively. Further, PI3K activates the central signaling hub, Akt. PKC, Akt, and the calcium
burst set off complex downstream events including both inside-out and outside-in signaling that
results in GPIIb/llla activation, cytoskeletal reorganization due to actin remodeling, and degranulation
of a- and dense granules, thereby eliciting cellular responses such as fibrinogen binding, shape change,
and release of granule content including feedback ADP. Moreover, PKC promotes PLA,- and cyclooxy-
genase 1 (COX-1)-mediated conversion of PIP, into arachidonic acid (AA) and finally into feedback
thromboxane A, (TXA,)
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8.2 Principles of Secondary Hemostasis

For centuries exposure of blood to air was thought to be the initiator of coagulation
after injury. Only in the mid-nineteenth century, the concept that blood contains factors
with the ability to develop a blood clot was proposed. However, it took until the 1960s to
understand the mechanism of the coagulation cascade, where enzymes and their cofactors
are stepwise cleaved into subsequent proteins. The so-called cascade model, which was
studied under cell-free, static conditions, was developed. Today, we know that the in vivo
situation is far more complex and involves cellular surfaces, which allow for controlled
and site-specific activation of coagulation factors to prevent clot formation within the
vasculature to maintain normal blood flow.

8.2.1 Cascade Model

Platelet activation results in the formation of an unstable thrombus, which is then stabi-
lized by a fibrin mesh generated by the coagulation cascade (or secondary hemostasis).
The coagulation cascade comprises coagulation factors, which consist of plasma proteins
that are synthesized in the liver [73]. They are present as zymogens (inactive precursors of
enzymes) which get activated by step-by-step protease-mediated enzymatic cleavage
to ensure controlled, locally and timely restricted blood coagulation. Most coagulation
factors are serine proteases (FII, FVII, FIX, FX, FXI, FXII), and some have cofactor activ-
ity (FIIL, FV, FVIII). Traditionally, two distinct pathways, the extrinsic and the intrinsic,
were described to initiate the coagulation cascade and trigger thrombin formation which
results in fibrin generation [74, 75]. An overview of the coagulation cascade is given in
O Fig. 8.3.

8.2.1.1 The Extrinsic Pathway

All evidence to date suggests that the sole relevant in vivo initiator of coagulation is tis-
sue factor (TF), which is constitutively expressed in subendothelial tissue (e.g., vascu-
lar smooth muscle cells), generating a hemostatic barrier. Injury-induced vessel rupture
brings extrinsic TF in contact with circulating FVII, which represents the classical activa-
tion pathway of the coagulation cascade. TF binding to FVII activates FVII (FVIIa), and,
subsequently, the TF:FVIIa complex (also called extrinsic tenase complex) activates FX
to FXa in the presence of phospholipids and Ca?*, leading to the common pathway. The
extrinsic tenase complex further activates FIX, thereby cross-linking the extrinsic and the
intrinsic pathway, which is called Josso-loop [74, 76] (see B Fig. 8.3, Extrinsic pathway).

8.2.1.2 The Intrinsic Pathway

All components of the intrinsic cascade are present in the circulation, and activation starts
with a conformational change of FXII to FXIIa which is initiated by physical contact to
negatively charged surfaces (e.g., glass surface) or the contact activation system (see
> Box 8.2). Subsequently, FXIIa catalyzes the formation of FXIa from FXI. FXIa then acti-
vates FIX to FIXa, which binds the cofactor FVIIIa, forming the intrinsic tenase complex
(FIXa:FVIIIa), which again induces the common pathway [74] (see B Fig. 8.3, Intrinsic
pathway).
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O Fig. 8.3 Overview of the coagulation cascade model. The coagulation cascade can be divided into
three different pathways: the intrinsic, extrinsic, and common pathway. The intrinsic pathway is initiated
by the contact activation system or negatively charged surfaces leading to the activation of coagulation
factor (F)XIl in a plasma kallikrein (PK)- and high-molecular-weight kininogen (HMWK)-dependent man-
ner. Activated FXII (FXlla) activates FXI, which activates FIXa to form complex with FVllla, phospholipids,
and Ca?* (intrinsic tenase complex). The extrinsic pathway starts by exposure of tissue factor (TF) to the
circulation leading to FVIl activation. FVlla forms a complex with TF, phospholipids, and Ca?* (extrinsic
tenase complex). The common pathway is induced by the activation of FX by either the intrinsic or
extrinsic tenase complex. Together with its cofactor FVa, FXa cleaves prothrombin (Fll) to thrombin (Flla),
which catalyzes the cleavage of fibrinogen (Fl) to fibrin (Fla). Moreover, thrombin activates FXI, FVIIl and
FV promoting a positive feedback loop. Further, FXIIl is activated by thrombin and crosslinks fibrin to an
insoluble fibrin network. However, the intrinsic and extrinsic pathways are connected by the so-called
Josso loop, which describes the activation of FIX by the extrinsic tenase complex

8.2.1.3 Common Pathway

The common pathway starts with the activation of FX by either the extrinsic or the
intrinsic tenase complex. Activated FX binds to thrombin-activated FV, forming the
prothrombinase complex, which activates prothrombin (FII) to thrombin (FIIa).
Thrombin in turn cleaves fibrinogen (FI) to fibrin (Fla), generating an insoluble mesh
that is integrated into the platelet plug [77]. Finally, both FXIIa and thrombin are able
to activate the transglutaminase FXIIl, which crosslinks the fibrin mesh into a stable,
insoluble matrix [76] (see B Fig. 8.3, Common pathway). Thrombin further activates
FXI, FVIII, and FV, thereby generating a positive feedback loop, which amplifies throm-
bin generation [76, 78]. Although the extrinsic pathway is more prominent for initiat-
ing the coagulation cascade in vivo, the intrinsic pathway is essential for propagating
thrombin generation.
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Box 8.2 Contact Activation System

The contact activation system comprises factors thought to be involved in the in vivo activation
of the intrinsic pathway. It starts with autoactivation of FXII to FXlla upon contact to negatively
charged surfaces. In the presence of high-molecular-weight kininogen (HMWK), FXlla further
converts prekallikrein into plasma kallikrein (PK). PK in turn generates FXlla from FXII, which is
called trans-activation, leading to an amplification loop and an accelerated response [79].
However, FXII autoactivation can also occur on neutral or positively charged surfaces at slower
rates. Various biological substances are potent in mediating FXIl autoactivation, such as heparan
sulfate, polyphosphates, and vessel wall collagen [79, 80].

8.2.2 Cell-Based Model of Coagulation

In contrast to the cascade model, the cell-based model emphasizes the involvement of
cellular surfaces, especially TF-bearing cells and platelets, which allow efficient and
site-specific activation of coagulation factors. The cell-based model represents a sig-
nificant improvement of our understanding of coagulation in vivo and divides coagula-
tion in three phases, initiation, amplification, and propagation [81], as depicted in
@ Fig. 8.4.
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O Fig. 8.4 The cell-based model of coagulation. The cell-based model of coagulation describes the
proteolytic steps of hemostasis in the context of cellular surfaces. First, tissue factor (TF)-bearing cells
induce the activation of FVII followed by FXa formation resulting in small amounts of thrombin (initia-
tion phase). Next, thrombin induces a positive feedback loop; liberates vVWF, which facilitates platelet
adhesion to collagen; and activates platelets via protease-activated receptors (PARs). Activated platelets
release granule-stored FV, FVIII, and Ca?* and expose negatively charged phospholipids (PS) allowing
clustering of coagulation factors (amplification phase). The procoagulant surface of activated platelets
then allows intrinsic tenase and prothrombinase complex assembly resulting in a thrombin burst (propa-
gation phase)
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8.2.2.1 Initiation

Upon vessel injury blood components get exposed to TF-bearing cells (e.g., smooth
muscle cells, fibroblasts). Exposed TF rapidly binds to FVIIa, the only coagulation fac-
tor circulating also in its active form (~1%) [82], forming the TF:FVIIa complex. The
cell membrane-associated TF:FVIIa complex activates further FVII molecules, creating a
positive feedback loop. Additionally, FXa and FIXa are generated, and their activity results
in small amounts of thrombin (thrombin spark) [81]. While membrane-associated FXa
tulfills its pro-coagulatory function, dissociated FXa diffuses away and gets inactivated (by
TF pathway inhibitor (TFPI) and antithrombin (AT); see @ Fig. 8.4), thereby limiting FX
activity to TF-bearing cells. In contrast, FIXa is only moderately inhibited by antithrom-
bin and therefore capable of forming the intrinsic tenase complex when getting in contact
with, e.g., activated platelets upon dissociation. FXa slowly activates FV, leading to the
prothrombinase complex (8 Fig. 8.4).

8.2.2.2 Amplification

Small amounts of thrombin generated during the initiation phase dissociate from TF-
bearing cells and activate platelets. Activated platelets in turn release procoagulant media-
tors (FV, FVIIL, and fibrinogen), undergo shape change, and expose negatively charged
phosphatidylserine and phosphatidylethanolamine on their surface. The cluster of these
negatively charged phospholipids allows interaction with y-carboxyglutamic acid residues
of vitamin K-dependent coagulation factors (FVII, FIX, FX, Fll), which are bridged by
Ca?* [83]. Thereby, vitamin K-dependent coagulations factors are brought in close prox-
imity to each other at the site of injury. Thrombin further liberates FVIII from vWF and
activates it along with FXI and FV, thus amplifying the coagulatory response [81] (see
O Fig. 8.4).

8.2.2.3 Propagation

Activated platelets aggregate and recruit further platelets to the site of injury, mediated by
the release of lipid mediators and granule content. On the negatively charged platelet sur-
face, the formed intrinsic tenase complex FIXa:FVllla rapidly produces large amounts of
FXa. Under physiological conditions, the intrinsic tenase complex is much more potent in
generating larger amounts of FXa than the extrinsic tenase complex [81]. Finally, the pro-
thrombinase complex composed of FVa:FXa assembles and generates a thrombin burst,
which, on the one hand, further promotes coagulation via feedback mechanisms and,
on the other hand, cleaves fibrinogen to fibrin (8 Fig. 8.4). Within this process, throm-
bin first removes fibrinopeptide A from fibrinogen, allowing fibrinogen polymerization
to longitudinal fibrin strands based on non-covalent bonds. Second, thrombin cleaves
off fibrinopeptide B, leading to structural changes, which are necessary for generating
an insoluble fibrin matrix [84]. Furthermore, fibrin strands are crosslinked by thrombin-
activated FXIIIa, resulting in an insoluble clot. Moreover, by binding to thrombomodulin
on endothelial cell surface, thrombin activates thrombin activatable fibrinolysis inhibi-
tor (TAFI), which cleaves terminal lysine residues of fibrin, thereby protecting fibrin from
fibrinolytic cleavage [85].

8.2.2.4 Termination

As a final result, a stable clot is formed and coagulatory processes have to be terminated
to prevent overwhelming coagulation. Binding of thrombin to thrombomodulin induces
a negative feedback loop by activating protein C (aPC), which, together with its cofactor
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protein S, binds to negatively charged surfaces via Ca** and in turn inactivates various FVa
and FVIIIa. Moreover, aPC prevents spreading of pro-coagulatory events as it represents
a potent inhibiting cofactor on endothelial cell surfaces [81].

8.2.3 Regulation of Coagulation

Thrombin is a central player in both primary and secondary hemostasis. To restrict
thrombin formation to the site of injury and prevent its spreading to surrounding areas,
three central mechanisms have been developed: antithrombin (AT), tissue factor pathway
inhibitor (TFPI), and the protein C pathway (see 8 Fig. 8.5 for details).

Box 8.3 Coagulopathies
Coagulopathies are bleeding disorders that affect clot formation either by prolongation of
bleeding time or by increasing susceptibility to thrombotic events.

Hemophilia A and B are X-chromosomal recessive coagulopathies caused by deficiency or
lack of FVIIl and FIX, respectively. Depending on the residual activity of the coagulation factors,
patients may present with easy bruising, inadequate clotting of mild injury, or, in severe cases,
spontaneous hemorrhages. As therapy, recombinant or plasma-derived FVIII or FIX concentrates
are administered.

Von Willebrand disease (VWD) is the most common inherent bleeding disorder with a
prevalence of 0.1-1% in the total population [86]. Nevertheless, just one out of ten patients
suffers from symptoms like mild spontaneous bleedings such as nose bleedings or menorrhagia.
However, less common variants can also cause life-threatening bleedings [87, 88]. The vWD is
characterized by quantitative (decreased synthesis/secretion or increased clearance) and/or quali-
tative (reduced affinity to VWF binding partners, impaired dimer assembly, enhanced susceptibil-
ity to cleavage by ADAMTS-13) deficiency of vVWF [86]. Moreover, due to the FVIII-stabilizing role
of vVWF, hemophilia-like bleedings are observed in severe cases of vWD. Treatment options for
VWD patients include desmopressin, a synthetic analogue of human antidiuretic hormone, which
promotes release of stored vVWF from endothelial cells, VWF/FVIIl concentrates, recombinant vVWF,
as well as fibrinolysis inhibitors and humoral treatment.

Acquired coagulopathies may arise from anticoagulant therapy (e.g., heparin, vitamin K
antagonists), decreased production (liver dysfunction), depletion of coagulation factors (e.g.,
disseminated intravascular coagulation (DIC)) or from premature coagulation factor degradation
due to production of autoantibodies (e.g., acquired hemophilia A: autoantibodies against FVIII [89]).

Missense mutations and small deletions in fibrinogen chains cause dysfibrinogenemia,
which may lead to impaired binding of tPA to fibrin (e.g., fibrinogen Dusard) as well as abnormal
fibrin assembly and fibrinolysis [90]. Paradoxically, dysfibrinogenemia is often associated with
thrombosis as physiologically thrombin is sequestered by binding to fibrinogen [91].

Protein C and protein S deficiencies are autosomal, dominant disorders associated with
recurrent venous thromboembolism [92]. Hereditary aPC resistance can be caused by a point
mutation in the factor FV gene (factor V Leiden), which abolishes the aPC-cleavage sites in FVa and
thereby prevents its degradation [93]. Antithrombin Ill deficiency can be either inherited or adapted,
and 65% of inherited patients develop thrombosis, predominately deep vein thrombosis [94].

8.2.4 Fibrinolysis

Resolution of the fibrin clot, restoration of blood flow after vessel injury, and prevention
of unnecessary intravascular fibrin generation are mediated by the highly regulated enzy-
matic fibrinolytic system. Fibrin clot architectures, especially fiber size and arrangement,
are important determinates for fibrinolysis as fragile clots are more prone to increased
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fibrinolysis and bleeding as firm clots, which are more stable and tend to cause thrombosis
[95, 96]. Generation of the major fibrinolytic protease plasmin from its plasma-circulat-
ing zymogen plasminogen is catalyzed by either of the two serine proteases, tissue plas-
minogen activator (tPA) and urokinase (uPA), which are released by endothelial cells and
urinary epithelial cells as well as monocytes/macrophages, respectively. In comparison to
uPA, which mainly acts in extravascular locations, tPA has a higher affinity to plasmin
and its activity is more than 500-fold increased when bound to fibrin, promoting locally
restricted formation of plasmin in the presence of the fibrin clot [97]. Moreover, through
a positive feedback mechanism, plasmin converts single-chain tPA and uPA to their two-
chain polypeptide counterparts, increasing their activity [98].

Fibrin is the major plasmin substrate and binds both plasminogen and tPA on its sur-
face, thereby facilitating their interaction and promoting its own degradation. Moreover,
binding of plasmin to fibrin protects plasmin from inactivation by a2-antiplasmin within
fractions of seconds [99]. Proteolysis of fibrin by plasmin generates soluble fibrin deg-
radation products (FDP) and exposes carboxy-terminal lysine residues, which promote
binding of tPA and plasminogen via their kringle domains, augmenting fibrinolysis [99].
However, these binding sites can be removed by the actions of the carboxypeptidase TAFI,
which thereby counteracts fibrinolysis by slowing plasmin generation and establishing a
link between coagulation and fibrinolysis [85]. Multiple FDPs (e.g., D-dimer) are released
during fibrinolysis, which also exert immunomodulatory and chemotactic functions (e.g.,
fibrinopeptide B). Due to immediate inhibition by the serpins plasminogen activator
inhibitor-1 (PAI-1) and PAI-2, plasma half-life of tPA and uPA ranges between 4 and
8 min. PAI-1 is synthesized by endothelial cells and stored in platelets, and the presence of
inflammatory cytokines increases PAI-1 release.

Similar to the cell-based model of coagulation, also fibrinolysis is orchestrated by
endothelial cells, monocytes, macrophages, and neutrophils, which express cell surface
receptors with fibrinolytic activity, serve as cofactors for plasmin generation, and protect
from circulating fibrinolysis inhibitors. One example for membrane-associated plasmin
generation is mediated by S100A10 and its ligand annexin A2, which are located at cell
surfaces. S100A10/annexin A2 binds tPA and plasminogen, facilitating plasmin generation
at cell membranes. Moreover, SI00A10 prevents PAI-1-induced tPA and a2-antiplasmin-
mediated plasmin inhibition. Thereby, SI00A10 strongly promote plasmin generation in
the absence of fibrin [100].

Box 8.4 Laboratory Tests of Hemostasis

To test alterations of hemostasis, blood needs to be collected in tubes containing anticoagulants,
e.g., citrate. Via centrifugation blood is separated into cellular and noncellular components
(plasma), which is then analyzed for hemostatic functions.

For the evaluation of coagulation defects and fibrinogen disorders, prothrombin time (PT)/
international normalized ratio (INR), activated partial thromboplastin time (aPTT), thrombin time,
and Clauss fibrinogen assay/reptilase assays are applied in the clinics [101]. These plasma tests
help to differentiate between hemophilia A/B, vitamin K deficiencies, and liver dysfunction and
help to properly adjust anticoagulation therapy.
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For testing plasma fibrinolysis, the clot lysis time (CLT) assay has been developed which
combines addition of plasma with Ca**and phospholipid vesicles and subsequent lysis of the clot
by exogenous tPA [98]. Moreover, rotational thromboelastometry (ROTEM) allows to measures
clot strength, amplitude, and maximal clot firmness in whole blood over time.

Qualitative and quantitative measurement of platelet dysfunction is essential to assess
increased risk of hemorrhage or thrombosis. While multiple assays can be used, the gold standard
to test platelet function is light transmission aggregometry (LTA), which measures the capacity of
a platelet suspension to absorb light. As platelets bind to each other, the suspension becomes
clearer and more light passes through, allowing real-time evaluation of platelet aggregation. The
capability of platelets to aggregate can also be determined in whole blood by multiple electrode
aggregometry (MEA) or using a platelet function analyzer (PFA).

8.3 Contribution of the Vessel Wall

Endothelial cells are necessary to preserve blood fluidity, prevent thrombus formation,
and control extravasation of fluids, as well as platelets and blood cells. In concert with
smooth muscle cells, endothelial cells regulate tissue perfusion and local blood supply.
Due to physical and cellular differences between veins and arteries (e.g., shear stress, oxy-
gen content, morphology), platelet activation is more likely to occur in arteries, while
fibrinous thrombi more frequently occur in veins.

The endothelial surface is covered by a layer of glycoproteins and proteoglycans
consisting of one or several negatively charged, sulfated glycosaminoglycan chains
(GAQG), like heparan sulfate and dermatan sulfate [102]. GAGs exert antithrombotic
properties via high-affinity binding of AT and induce a conformational change within
the reactive center loop of AT, increasing its ability to degrade Flla and FXa. Heparin
is a naturally occurring GAG consisting of variable chains of glucuronic acid and glu-
cosamine and is produced by basophil granulocytes and mast cells in the blood and tis-
sue, respectively. Besides AT, GAGs also bind to heparin cofactor II as well as TM and
TFPI. Moreover, negatively charged GAGs and secreted NO and PGl, prevent adhesion
and aggregation of platelets to the endothelium. This process is supported by degra-
dation of platelet-activating ADP by endothelial ectonucleotidase (CD39) [103]. In
contrast, the endothelial glycocalyx can be catabolized by heparinase released from
platelet granules [104].

Large amounts of thrombin can stimulate endothelial cells via PAR-1, to generate NO
and PGI, as well as to release preformed Weibel-Palade bodies (WPB), which store VWE
P-selectin, and angiopoietin-1 to promote platelet binding as well as leukocyte recruitment.
Upon release from WPB, vVWEF gets unfolded into ultra-large vVWF multimers on the surface
of endothelial cells, where it is cut into smaller multimers by the action of a disintegrin-like
and metalloprotease with thrombospondin type 1 repeats-13 (ADAMTS-13) [105], which
exhibits enhanced cleavage activity when bound to the endothelium. Additionally, tPA
and endothelin-1 can be released by endothelial cells, promoting fibrinolysis and vaso-
constriction, respectively. Continuous and thrombin-triggered release of tPA by endo-
thelial cells ensures presence of tPA within the clot, effectively increasing fibrinolysis in
comparison to addition of tPA from the outside to an existing clot [106].
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On the other hand, low concentrations of thrombin lead to binding of TM and activa-
tion of protein C. This process can be limited by shedding of proteins from the endothe-
lial surface (e.g., endothelial protein C receptor (EPCR) or TM) [107, 108]. Furthermore,
binding of thrombin to TM not only prevents its clotting potential but also facilitates
degradation of thrombin by plasma protease inhibitors [109]. Beside its important role in
inhibition of thrombin generation, aPC additionally prevents activity of PAI-1 and exerts
anti-inflammatory actions via inhibition of the NF-«kB signaling pathways. Moreover,
TM-bound thrombin can catalyze the inactivation of pro-urokinase and activates TAFI,
which both dampen fibrinolysis.

Moreover, endothelial cells control initiation of coagulation by two different strategies:
Firstly, endothelial cells express TFPI, which binds and inactivates TF/FXa/FVIIa activ-
ity [110]. On the other hand, endothelial cells secrete protein disulfide isomerase (PDI),
which is thought to be necessary for TF decryption (conversion of Cys186 and Cys209
into a disulfide bond, resulting in a conformational change) [111]. EPCR binds protein
C and aPC with equal affinity on the surface of endothelial cells adjacent to the TM-
thrombin complex, effectively inactivating FVa and FVIIa.

Box 8.5 Hemostasis During Sepsis

Not only injury but also infections activate platelets and the coagulation cascade. On the one
hand, the fibrin mesh ensnares bacteria to limit pathogen dissemination, but on the other hand,
uncontrolled activation of platelets or the coagulation cascade leads to serious complications
[113]. Occasionally, systemic infections, independent of pathogens, can cause serious physiologi-
cal and pathological malfunctions of the host, which are summarized as sepsis or septic shock
[114]. According to the current third international consensus definition, sepsis is defined as
“life-threatening organ dysfunction caused by a dysregulated host response to infection” [115].
The major problems in septic patients are inappropriate inflammation and coagulopathy
including expression of blood-borne TF on monocytes, inadequate function of anticoagulatory
pathways (AT, aPC, TFPI) due to dysfunctional endothelium, and an excess of PAI-1 and TAFI,
suppressing fibrinolysis [114]. Thus, many sepsis patients suffer from elevated levels of platelet
activation as well as systemic activation of the coagulation cascade, causing fibrin and thrombus
formation within the vasculature, a condition known as disseminated intravascular coagulation
(DIC). This increases the risk of pulmonary embolism, multi-organ failure, and thereby death.
However, DIC also causes depletion of coagulation factors and platelets, resulting in severe
hemorrhages. Taken together, septic patients suffer from a combination of hypercoagulability,
lack of coagulation factors, and thrombocytopenia leading to life-threatening complications
during systemic infection [116].

Due to the uncontrolled activation of the coagulation cascade, a plethora of anticoagulants
have been tested as treatment option for sepsis. Although some patients benefited from their
application, the overall improvement of patient outcome was minimal. Since inflammatory
and coagulatory pathways are tightly interwoven leading to mutual amplification, novel
treatment strategies aim at preventing an amplified coagulation response. Ideally, this would
reduce the risk of thromboembolism together with averting the consumption of coagulations
factors [116].
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— Take-Home Message

Hemostasis, a physiological process that stops bleeding at the site of injury while
maintaining normal blood flow elsewhere in the circulation, involves platelets
(primary hemostasis), coagulation factors (secondary hemostasis), and the vessel
wall.

Platelets mediate primary hemostasis by adhering to subendothelial matrix at
sites of endothelial injuries, forming platelet aggregates to cover the injury and
re-establish vascular integrity.

Platelet function heavily depends on positive feedback via ADP and TXA,. Anti-
platelet therapy therefore targets these feedback mechanisms to prevent throm-
botic events.

In addition to their hemostatic functions, platelets fine-tune immunity by direct
or indirect effects on pathogens and/or leukocytes.

Platelets do not contain a nucleus; thus, all proteins necessary for platelet func-
tion have to be prepackaged or taken up from plasma. Their anucleate nature
also makes them ideal model cells to study non-genomic protein functions, e.g.,
structural roles of transcription factors.

Secondary hemostasis compromises a cascade of zymogens, which are incre-
mentally proteolytically activated leading to the generation of thrombin, the
central protease of coagulation.

The coagulation cascade can be classified in the extrinsic (induced by tissue fac-
tor) and intrinsic pathway (induced by negatively charged surfaces), which both
convey to the common pathway.

The cell-based model of coagulation combines both pathways and cellular
components and emphasizes that first small amounts of thrombin are generated
(thrombin spark; too little for stable clot formation), which then lead to a throm-
bin burst via a propagation phase, which is necessary for clot formation.

To resolve the clot, the fibrinolytic enzyme plasmin is activated from its zymogen
plasminogen by tissue plasminogen activator (tPA). Plasmin catalyzes proteolysis
of fibrin to soluble fibrin degradation products (e.g., D-dimers).

Resting endothelial cells store VWF in preformed Weibel-Palade bodies and pre-
vent platelet activation by constant release of NO and PGl,.

The major inhibitors of coagulation are antithrombin, tissue factor pathway
inhibitor, and the protein C pathway, consisting of protein C, thrombomodulin,
endothelial protein C receptor, and protein S.

The endothelial surface is covered by negatively charged glycosaminoglycans
(e.g., heparan sulfate), which increase the anticoagulant activity of antithrombin.
Hemophilia A and B are caused by deficiency or lack of FVIII and FIX, respectively.
Sepsis is a syndrome caused by a systemic infection leading to serious organ
dysfunction. Sepsis can cause disseminated intravascular coagulation (DIC) lead-
ing to thromboembolism; however, due to consumption coagulopathy, it also
increases the bleeding risk.
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8.4 Questions and Answers

e 1. Thrombin is a key player in hemostasis. Name at least three different cell types/
pathways, which are regulated by thrombin.

0 Thrombin cleaves fibrinogen to fibrin (common pathway of secondary hemostasis).
Thrombin is a strong activator of platelets via binding to protease-activated receptors
(PARs). Thrombin can bind to endothelial thrombomodulin and activate the protein C sys-
tem, leading to inactivation of FV and FVIIl. Moreover, TM-bound thrombin stimulates acti-
vation of TAFI (thrombin activatable fibrinolysis inhibitor) and thereby inhibits fibrinolysis.

Q 2. What is the difference between a white and a red thrombus?

o Primary hemostasis results in the formation of a firm, but reversible platelet plug
(white thrombus), whereas concomitant activation of secondary hemostasis causes
polymerization of fibrin to an irreversible fibrin-rich red thrombus which ensnares cir-
culating erythrocytes.

Q 3. What are the different platelet granule types, and why are they especially
important for platelets?

@) Platelets contain a-granules (filled with coagulation factors, adhesion and membrane
proteins, antimicrobial proteins, chemokines, and growth factors), dense granules
(filled with ADP, ATP, polyphosphates), and lysosomes (filled with metabolic enzymes).
As platelets do not have a nucleus and only show limited ability for de novo protein
synthesis, packaging of platelet content by megakaryocytes and selective uptake from
blood plasma is crucial for platelet activity.

0 4. Explain outside-in and inside-out signaling of platelets?

Q These signaling pathways are important feedback mechanisms to control platelet
activation. Inside-out signaling refers to the conformational change of the fibrinogen
receptor GPIIb/Illa upon platelet activation, allowing high-affinity binding to fibrino-
gen. Outside-in signaling involves signaling events back into the platelet upon fibrino-
gen binding. Both processes are necessary for platelet activation and degranulation.

@ 5. What are the extrinsic and intrinsic tenase complexes?

Q In general, “tenase” refers to FX-activating enzyme complexes which originate from
either the extrinsic or intrinsic pathway of coagulation. The extrinsic tenase complex
consists of TF and FVlla and the intrinsic tenase complex of FIXa and FVllla. Both com-
plexes cause the activation of the common pathway in the presence of Ca?* and phos-
pholipids.

0 6. Why is calcium essential for hemostasis?

Q Divalent positively charged calcium ions allow binding of negatively charged
y-carboxyglutamic acid residues of vitamin K-dependent coagulation factors (FVII, FIX,
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FX, Fll) as well as protein S and protein C to negatively charged phosphatidylserines pres-
ent on cellular surfaces (e.g., platelets) via bridging their charges. This mechanism allows
close proximity of coagulation factors to each other, thereby drastically increasing their
enzymatic activity. Blocking of calcium by chelating agents such as EDTA and citrate is a
potent mechanism used in the clinics to prevent coagulation during plasma generation.

© 7. Whatare the two important functions of vVWF?

0 VWF promotes platelet adhesion via binding to GPlb-V-IX on platelets, promoting
platelet rolling, and decreasing their velocity to enable platelet binding to collagen.

Circulating vWF is a carrier for FVIIL in the plasma and is necessary of FVIII stabilization.
Thus, von Willebrand disease patients suffer from hemophilia-like bleedings due to lack
of FVIIL

@ 8. What are the first events after vessel injury?

o To prevent excessive blood loss upon vessel damage, smooth muscle cells locally
constrict and minimize the vessel diameter to limit blood flow. Moreover, circulating
platelets adhere to the exposed subendothelial matrix, leading to platelet activation
and formation of a reversible platelet plug. In parallel the coagulation cascade gets
activated via TF binding to FVlla.

@ 9. Whatis the difference between FVa, FV, and FVi?

@ The little “a” stands for “activated” and means that the precursor is already activated by
enzymatic cleavage. In contrast, the little “i” stands for “inactivated”, indicating that the
coagulation factor is inhibited or cleaved.

0 10. Which anticoagulant can be used for functional testing of platelets and/or coag-
ulation?

0 Anticoagulation by calcium-chelating agents like citrate inhibits both platelet activa-
tion and coagulation which, however, can be reversed upon addition of calcium.

0 11. How does platelet-rich plasma therapy work?

0 Injection of autologous platelet-rich plasma represents a new treatment option for
sports-related injuries such as tendinopathies or ligamentous injuries. Due to the high
platelet concentration, platelet-derived growth factors such as VEGF, EGF, PDGF, and
TGF- reach high levels in a locally focused area, where they support wound healing
processes and angiogenesis.

0 12. Explain how septic patients may present with both hypercoagulability and
increased bleeding.

0 Systemic infection may result in excessive inflammatory host responses, conferring
increased activation of both primary and secondary hemostasis throughout the body.
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This results in development of microthrombi and clots all over the circulation (dis-
seminated intravascular coagulopathy), thereby consuming platelets and coagulation
factors and impairing their ability to maintain vascular integrity.

0 13. Explain the difference between plasma and serum.

@ Plasma and serum are the cell-free fraction of whole blood which can be produced by

centrifugation. In plasma, coagulation is prevented by anticoagulants, platelet activa-
tion is curtailed, and clotting factors remain present and functional. In contrast, serum
is the generated following induction of the clotting cascade which activates platelets
and consumes coagulation factors. Therefore, plasma and serum exhibit relevant dif-
ferences in their protein content and thus usage.

Q 14. How do you treat hemophilia A, and which possibilities can you think of to treat

patients who developed neutralizing antibodies (inhibitors)?

@) ratients suffering from hemophilia A are usually treated with factor replacement ther-

apy (plasma-derived FVIII concentrates or recombinant FVIII) or with agents increasing
FVIIl levels (e.g., desmopressin). However, some patients develop neutralizing antibod-
ies (inhibitors). Thus, new therapeutic strategies have to be developed. One possibil-
ity is the bypass therapy. For example, activated prothrombin complex concentrates
(containing FVII/Vlla, Fll/lla, FIX/IXa, and FX/X) and recombinant FVlla could be admin-
istered to bypass the lack of FVIIl in acute cases.

@ 15. Which mechanisms guarantee site-specific clot formation?

0 To prevent systemic activation of the clotting cascade, pro-coagulatory mechanisms

are restricted to sites of vessel injury due to constitutively generated anticoagulatory
pathways.

Coagulation factors interact with negatively charged phospholipids (PS) on the surface
of activated platelets via Ca?*, bringing them in close proximity to each other and to the
wound. This membrane interaction is important as membrane-associated FXa acts pro-
coagulatory, whereas dissociated FXa gets rapidly inactivated by tissue factor pathway
inhibitor (TFPI) and antithrombin. TFPI, further, inactivates the FVIIa/TF complex.
Antithrombin, in the presence of glycosaminoglycan on intact endothelial cells, efficiently
inactivates mainly thrombin and FXa but also FIXa, FXIa, FXIIa, and kallikrein. Via the
protein C pathway generated activated protein C (aPC) inactivates FV and FVIIIL. There-
fore, spreading of activated coagulation factors is prevented. Moreover, intact endothe-
lium releases NO and PGI, as well as expresses negatively charged GAG to inhibit platelet
activation.

@ 16. How can uncontrolled activation of coagulation lead to a bleeding risk?

@ Occasionally, septic patients suffer from disseminated intravascular coagulation lead-

ing, on the one hand, to intravascular thrombus formation and thereby to embolism
and, on the other hand, to depletion of coagulation factors increasing the risk for
bleedings.
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What You Will Learn in This Chapter

Bioactive lipids have numerous and diverse roles in regulating vascular function. Throughout
this chapter we will introduce diverse classes of enzymatically and nonenzymatically
formed bioactive lipids. We will first discuss many of the known roles of lipids in the mainte-
nance of vascular homeostasis. Next, we will describe the current understanding of how
bioactive lipids, and especially oxidized lipids, contribute to redox regulation and metabolic
function to drive a variety of vascular pathologies. Finally, we will provide a brief overview
of historical and current approaches used for the isolation, separation, and determination
of bioactive lipids that have allowed for the elucidation for their varied activities.

o Questions
How are bioactive lipids produced and recognized by cells?
What are the effects of bioactive lipids on cells of the vascular wall?
Can the structures and biological effects of these lipids be exploited for therapeutic
purposes?

9.1 Introduction/Overview

Biologically active lipids can be roughly divided into two groups: (1) enzymatically formed
and (2) nonenzymatically formed, bioactive lipids (8 Fig.9.1). Enzymatically formed, bio-
logically active lipids include a diverse set of species that are involved in intracellular sig-
naling as well as in cell-to-cell cross talk. Enzymatically formed bioactive lipids can be
produced rapidly without involving transcription and translation, as is required for pep-
tide and protein mediators, due to the high concentration of triglycerides, diacylglycer-
ides, and phospholipids within cells. The rate-limiting step is typically the action of a
phospholipase that liberates a “precursor lipid,” mostly a fatty acid, from the glycerol back-
bone, which is then converted by one or more enzymes to a biologically active compound.
Formation of bioactive lipids usually occurs within minutes after initial cellular stimulus.
Conversely, the production of protein mediators requires several hours, unless they are
released from preformed granules, such as the release of von Willebrand factor and
P-selectin from Weibel-Palade bodies in endothelial cells. Key enzymatic pathways that
produce such lipid mediators are the cyclooxygenase, lipoxygenase, and epoxygenase, as
well as the sphingolipid/ceramide pathway, and the generation of platelet-activating factor
(PAF). Furthermore, intracellular lipid mediators that are produced to either initiate or
facilitate intracellular signaling pathways include phosphoinositides and diacylglycerol
(DAG). Eicosanoids and sphingolipids, as well as PAF, act on highly specific G protein-
coupled receptors that are expressed on cells of the vascular wall and selectively transmit
signals depending on their G protein coupling. The individual cellular response to lipid
ligands is further diversified by the fact that there are several receptor subtypes for each
lipid mediator. For example, there are four subtypes of the prostaglandin E2 receptor
(EP1-4) and five receptors for sphingosine-1-phosphate (S1P), each of which can elicit
different signaling responses.

While enzymatically formed biologically active lipids have been implicated in a variety
of physiological functions, including angiogenesis, vasculogenesis, control of vascular
reactivity, endothelial barrier function, as well as maintenance of endothelial integrity,
nonenzymatically formed, biologically active lipids such as oxidatively modified lipids are
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Bioactive lipids

Non-enzymatically formed

Enzymatically formed lipid oxidation products

Eicosanoids: OxPL
Prostaglandins/thromboxanes Phosphoinositides OXCE
DAG
Leukotrienes oxFA
Cholesterol/LDLR
Lipoxygenase products Isoprostanes
Resolvins Oxysterols Isoketals/levuloglandins
Anandamides FFA MDA/HNE
Sphingolipids/ceramides Hydroxy-FA
PAF/lysolipids - LPA Nitro-FA Pattern recognition receptors
Scavenger receptors
Nuclear receptors
G-protein-coupled receptors LXR, PPAR Protein modification

B Fig. 9.1 Enzymatically and nonenzymatically formed biologically active lipids

generally considered danger signals (danger-associated molecular patterns or DAMPs
[94]) and have been implicated in numerous pathological settings including atherosclero-
sis and other chronic inflammatory conditions. Oxidized phospholipids and oxidized
cholesterol esters are recognized by scavenger receptors or by pattern recognition recep-
tors, such as SRB1 and CD36, or Toll-like receptors TLR4 or TLR2, respectively. Moreover,
oxysterols and modified fatty acids, such as hydroxyl fatty acids or nitro fatty acids, can
solicit nuclear signals by binding to nuclear hormone receptors, thereby regulating tran-
scriptional programs involved in cellular metabolism.

9.2 Regulation of Vascular Physiology by Lipids

9.2.1 Eicosanoids

Eicosanoids are products of arachidonic acid derived by the action of cyclooxygenases 1
and 2, lipoxygenases, and P450 epoxygenases [97]. The rate-limiting step in the release of
arachidonic acid from phospholipids is by the action of phospholipase A2, which by itself
is controlled by calcium and protein kinases and phospholipase C. Arachidonic acid is
then converted to prostaglandin H which is utilized by a variety of enzymes to produce the
respective prostaglandin species [103].

Omega-3 polyunsaturated fatty acids (n-3 PUFA) eicosapentaenoic acid and docosa-
hexaenoic acid are also released from phospholipids via PLA2 and are precursors to
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mainly anti-inflammatory, pro-resolving mediators [111]. N-3 PUFAs were also shown to
induce relaxation of smooth muscle cells and to promote vasodilation, contributing to
their beneficial cardiovascular effects [83]. Utilized by PG endoperoxide H synthase, these
PUFAs give rise to series 3 prostaglandins, and the ratio of series 2 (derived from AA) and
series 3 prostaglandins is thought to be the basis for beneficial effects of fish oil. Indeed,
different affinities of PGHS1 and PGHS2 (COX 1 and 2) have been observed for AA and
EPAs and DHAs [138].

9.2.1.1 Prostanoids

Prostaglandin-producing enzymes are expressed in a highly cell-type-specific manner
which results in heterogenous prostaglandin expression between different tissues. For
instance, in the vascular wall prostaglandin I2 (prostacyclin) is mainly expressed by endo-
thelial cells, while thromboxane is primarily produced by platelets. Recently, a role for
perivascular adipose tissue in the production of prostaglandins that regulate vascular tone
has been demonstrated [104]. Local production of prostaglandin E is essential for remod-
eling of the ductus arteriosus, which connects pulmonary arteries with the aorta in the
fetus and needs to close after birth [150, 151].

Prostaglandins exert their effects on cells by acting on G protein-coupled receptors,
whose expression is also controlled in a cell-type-specific manner. This allows for a highly
specific response in cellular communication not only within the vascular wall but also
between immune cells, platelets, and the vasculature (8 Fig. 9.2 and Table 9.1).

Prostacyclin that is released from endothelial cells via prostacyclin synthase acts on
the vasculature in an autocrine manner by binding to the GaS-coupled prostacyclin recep-
tor; however, recent evidence suggests that PGI2 acts via alternative pathways as well,
including involvement of nuclear receptors such as PPARs [108]. Prostacyclin induces an
anti-inflammatory response in ECs predominantly by increasing cyclic AMP levels,
thereby providing the vasculature with an antithrombotic surface. Together with nitric
oxide released by smooth muscle cells, the endothelial cell-produced prostacyclin contrib-
utes to the control of vascular homeostasis [51]. On the other hand, there is a significant
contribution of other prostaglandins such as PGE2, PGF2, and thromboxane to the pro-
inflammatory, pro-contractile, and procoagulant activation of endothelial cells. For
instance, EP4, TP, and IP receptors expressed in the renal artery all contribute to regula-
tion of renal blood flow and vascular resistance [40]. Furthermore, microsomal prosta-
glandin E synthase-1 (mPGES-1)-derived PGE2 was recently shown to mediate
pathophysiological effects on the vasculature in hypertension [6].

Historically, the prostaglandin synthesis pathway has proven an excellent pharmaco-
logical target. The major benefits of nonsteroidal anti-inflammatory drugs (NSAIDs) are
to prevent the formation of these pro-inflammatory lipid mediators via COX inhibition
and, in the case of aspirin, also in the production of pro-resolving mediators [111]. Some
of the detrimental effects that have been observed in patients treated with highly selective
COX-2 inhibitors may be ascribed to shifting the balance toward production of pro-
inflammatory eicosanoids [116, 124].

9.2.1.2 Leukotrienes

In the context of vascular biology, leukotrienes are mainly considered to be pro-
inflammatory mediators. Leukotrienes are formed by immune cells and can be produced
locally within atherosclerotic lesions [7]. They are thought to contribute to lesion forma-
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B Table 9.1

Vasoactive
lipid

Prosta-
glandin A2

Prosta-
glandin B2

Prosta-
glandin D2

Prosta-
glandin E2

Prosta-
glandin
F2o

Prosta-
glandin G2

Prosta-
glandin H2

Prosta-
glandin 12

Prosta-
glandin J2

Thrombox-
ane A2

Prostanoids

Precursor

Prosta-
glandin E2

Prostaglan-
din A2

Prosta-
glandin H2

Prosta-
glandin H2

Prosta-
glandin H2
Prosta-
glandin E2

Arachi-
donic acid

Prosta-
glandin G2

Prosta-
glandin H2

Prosta-
glandin
D2

Prosta-
glandin H2

Mitchell and Kirkby [97]

Enzyme

Dehydra-
tion

Dehydra-
tion

PTGDS1
PTGDS2
H-PGDS

PGE
synthase
(3
isozymes)

AKR1B1

COX-1
COX-2

Prostacy-
clin
synthase

Dehydra-
tion
reaction

Throm-
boxane A
synthase

Receptor

TBXA2R

PTGDR1

PTGDR2

PTGER1

PTGER2
PTGER3
PTGER4

PTGFR (2
splice
variants)

PTGIR (3
splice
variants)

PTGDR1

PTGDR2

PPARy

TBXA2R (2
splice
variants)

G protein
coupling

Gas

Gati

Gaqg

Gas
Gai or G12
Gas

Gaq

Gas

Gas

Gai

Gaq
Gas

G12/13

Function

Increased pulmonary
blood pressure

Vasodilation, anti-
inflammatory

Pro-inflammatory
chemotaxis

Vasoconstrictive

Promotes inflammatory
T-cell differentiation

Anti-inflammatory
Anti-inflammatory
Pro-inflammatory

Smooth muscle cell
contraction

Vasodilation, inhibited
thrombosis, anti-
inflammatory

Vasodilation, anti-
inflammatory

Pro-inflammatory
chemotaxis, vasocon-
strictive

Promotes thrombosis,
increased heart rate,
vasoconstriction,
pro-inflammatory



177
Biologically Active Lipids in Vascular Biology

smooth muscle cells. Pharmacologic inhibition of leukotriene receptors was shown to
decrease atherosclerosis in animal models, and leukotriene receptor antagonists are being
tested in clinical trials.

While there are three different series of leukotrienes identified in vivo, the 4-series
leukotrienes, arachidonic acid metabolites, have been the focus of most studies
(8 Table 9.2). The 4-series leukotrienes are derived from 5-HPETE, a direct metabolite of
arachidonic acid, which forms leukotriene A4. Leukotriene A4 can be further metabo-
lized to leukotriene B4 and C4 by LTB4 hydrolase and LTC4 synthase, respectively.
Leukotriene B4 has been shown to induce neutrophil chemotaxis and vascular adherence
as well as vascular permeability [88, 105, 126]. Leukotriene C4 serves as precursor of leu-
kotriene D4 and promotes an increase in microvascular blood flow as well as vascular
smooth muscle vasoconstriction [4, 15]. Leukotriene D4 has been shown to mediate
similar affects as leukotriene C4 on the vasculature [14, 15]. Leukotriene E4 is produced
from leukotriene D4 by LTD4 dipeptidase and has been shown to increase vascular per-
meability while promoting smooth muscle cell constriction and pulmonary vasoconstric-
tion [43, 144].

B Table 9.2 Leukotrienes

Vasoac- Precursor Enzyme Receptor G protein Function

tive lipid coupling

Leukotri-  5-HPETE LTA == == ==

ene A4 synthase

Leukotri-  Leukotri- LTB4 BLT1 Gai Promotes neutrophil
ene B4 ene A4 hydrolase BLT2 chemotaxis and vascular

adherence [88, 105]
Increases vascular
permeability [126]

Leukotri-  Leukotri- LTC4 CyslLT1 Gaqg/11 Increase microvascular
ene C4 ene A4 synthase CysLT2 cutaneous blood flow
[15]
Promotes vascular
smooth muscle vasocon-

striction [4]
Leukotri-  Leukotri- y-Glutamyl  CysLT1 Gaqg/11 Increase microvascular
ene D4 ene C4 transpepti-  CysLT2 cutaneous blood
dase flow [14, 15]

Promotes smooth muscle
constriction [4]

Leukotri-  Leukotri- LTD4 GPR99 Gaq Increased vascular perme-
ene E4 ene D4 dipepti- ability [144]
dase Promotes smooth muscle

constriction [144]
Promotes pulmonary
vasoconstriction [43]
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9.2.1.3 The Cytochrome P450 (CYP) Pathway

Cytochrome P450 (CYP) converts AA into 20-hydroxyeicosatetraenoic acid (20-HETE).
20-HETE is produced in vascular smooth muscle cells and is a potent vasoconstrictor. It
acts on smooth muscle cells by reducing the open-state probability of calcium-activated
potassium channels, and a G protein-coupled receptor for 20-HETE was recently discov-
ered. 20-HETE has been shown to regulate blood flow and vasoconstriction in vivo [114]
and, most importantly, to control physiological responses in the kidney [42, 62]. 20-HETE
can produce oxidative stress and inflammation, contributing to endothelial dysfunction
and hypertension [140]. Conversely, 20-HETE can also induce antihypertensive effects by
inhibiting sodium reabsorption by the kidney [154].

Cytochrome P450 epoxygenases can convert arachidonic acid to epoxyeicosatetrae-
noic acids (EETs), also known as endothelial-derived hyperpolarization factors (EDHF).
In addition to arachidonic acid, these epoxygenases can also utilize the omega-3-PUFAs,
eicosapentaenoic and docosahexaenoic acids, to produce the corresponding epoxides
[44]. EETs are potent anti-inflammatory [34, 35] vascular mediators that induce vascular
relaxation mainly by acting on vascular smooth muscle cells where they activate large
conductance calcium-activated potassium channels. Additionally, EETs have been shown
to regulate angiogenesis, smooth muscle cell proliferation, platelet aggregation, and fibri-
nolysis. The mechanisms by which ETTs activate endothelial and smooth muscle cells are
subject of investigation; several receptors for EETs have been characterized and new
receptors are being identified [106]. Moreover, some EETs directly control the activity of
T-type Ca channels [29], and a variety of receptor-independent mechanisms have been
suggested and include direct modification of effector proteins as well as incorporation of
EETs into phospholipid membranes [129, 133].

EETs are enzymatically deactivated by soluble epoxide hydrolase (EH), which converts
EETs to dihydroxyeicosatrienoic acids (DHETs). Soluble epoxide hydrolase represents an
attractive, novel drug target that has been implicated in regulation of a variety of vascular
pathologies including hypertension, diabetic pain, and diabetic retinopathy [64].
Inhibition of this enzyme leads to an increase in the half-life of EETs, and currently EH
inhibitors are in clinical trials [18, 52, 66, 139, 141].

9.2.2 Resolution of Vascular Inflammation

The resolution of inflammation has been considered a passive process for a long time;
however, recent evidence suggests that the resolution of acute inflammation requires a
highly coordinated process that is controlled by a variety of mediators released from
inflammatory and vascular cell types. In particular the endothelium plays a significant
role in the resolution of inflammation. Resolution is orchestrated by a set of recently dis-
covered lipid mediators derived from PUFAs (B Table 9.3). Among these are the four
classes of specialized pro-resolving lipid mediators (SPMs): lipoxins, resolvins, protectins,
and the recently discovered maresins. These SPMs can be produced from arachidonic acid
in various ways (B Fig. 9.2). Most interestingly, the production of some SPMs can be trig-
gered by the action of aspirin. The first class of SPMs, lipoxins, have long been identified
as anti-inflammatory lipid mediators [122]. Lipoxin A4 and B4, as well as 15-epi-lipoxin
A4 and B4, are derived from arachidonic acid and have been shown to promote neutrophil
chemotaxis and resolution of both macrophages and neutrophils.
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B Table 9.3 Pro-resolving lipid mediators

Vasoac-
tive lipid

Resolvin
D1

Resolvin
D2

Resolvin
D3

Resolvin
D4

Resolvin
D5

Resolvin
D6

Resolvin
E1

Resolvin
E2

Resolvin

E3

Maresin 1

Maresin 2

Precursor

DHA

DHA

45(5)-Epoxy-
17S-hydroxy-
DHA

45(5)-Epoxy-
17S-hydroxy-
DHA

EPA

EPA

EPA

DHA

DHA

Enzyme Receptor
15-Lipoxygenase FPR2
GPR32
ResoDRT1
DRV1
ALX
FPR2
15-Lipoxygenase GPR18
DRV2
5-Lipoxygenase —
5-Lipoxygenase =
GPR32
5-Lipoxygenase CMKLRT1
RER1
BLT1
5-Lipoxygenase CMKLR1
BLT1

12/15-
Lipoxygenase

12-Lipoxygenase

12-Lipoxygenase

179

Function

Protects against endotoxin-
induced impairment of barrier
function

Inhibits thrombosis in deep
dermal vascular network [21]
Promote macrophage-
dependent clot

remodeling [39]

Promote macrophage-
dependent clot
remodeling [39]

No known vascular function

Promote macrophage-
dependent clot
remodeling [39]

No known vascular function

Promote a protective
phenotypic switch in vascular
smooth muscle cells in the
setting of atherosclerosis [59]
Promotes neutrophil
clearance [5]

Inhibits platelet

aggregation [37]

Dampened PAF response [102]
Promotes neutrophil
clearance [5]

Inhibits neutrophil chemotaxis
and tissue infiltration [67]

Enhances macrophage
phagocytosis [123]

Inhibits neutrophil infiltration
[32,123]

Enhances macrophage
phagocytosis [36]
Inhibits neutrophil
infiltration [36]

(continued)
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B Table 9.3 (continued)

Vasoac- Precursor Enzyme Receptor Function
tive lipid

Lipoxin Arachidonic 5/12-Lipoxygenase  ALX/FPR2  Promote neutrophil chemo-
A4 acid GPR32 taxis
Promote neutrophil and
macrophage resolution at sites
of inflammation

Lipoxin Arachidonic 5/12-Lipoxygenase ALX/FPR2  Promote neutrophil chemo-
B4 acid GPR32 taxis
Promote neutrophil and
macrophage resolution at sites
of inflammation

15-Epi- Arachidonic 5-lipoxygenase ALX/FPR2  Promote neutrophil chemo-
lipoxin acid GPR32 taxis
A4 Promote neutrophil and

macrophage resolution at sites
of inflammation

15-Epi- Arachidonic 5-Lipoxygenase ALX/FPR2  Promote neutrophil chemotaxis
lipoxin acid GPR32 Promote neutrophil and
B4 macrophage resolution at sites

of inflammation

Protectin  DHA 15-Lipoxygenase Inhibits leukocyte

D1 infiltration [61]

Protectin  DHA 15-Lipoxygenase Inhibits platelet aggregation-
DX mediated activation of

neutrophils [85]

Resolvins demonstrate a highly potent anti-inflammatory and pro-resolving effect
in a variety of disease models [130]. Resolvins are categorized into classes based on
their lipid progenitor. The D-class resolvins are derived from DHA, and to date, six
unique species have been identified four of which have documented effects on the vas-
culature. Resolvin D1 has been shown to protect impairment of vascular barrier func-
tion by endotoxin challenge [153, 155]. Resolvin D2 has been shown to inhibit
thrombosis and, with its counterparts D3 and D5, has been shown to induce macro-
phage-dependent clot remodeling [21, 39]. Three of the E-class resolvins, synthesized
from EPA, also have identified effects on the vasculature. Resolvin E1 has been shown
to promote an athero-protective smooth muscle cell phenotype while mediating neu-
trophils and inhibiting platelet clearance [5, 37, 59]. Similarly, resolvin E2 promotes
neutrophil clearance but also inhibits the response to platelet-activating factor [5, 102].
Resolvin E3 has been shown to inhibit neutrophil chemotaxis and tissue infiltration
[67]. Similarly, maresins 1 and 2 have been shown to enhance macrophage phagocytosis
and inhibit neutrophil infiltration [32, 36, 123]. Furthermore, protectin D1 has been
shown to inhibit leukocyte infiltration, while protectin DX has been shown to inhibit
neutrophil activation [61, 85].
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9.2.3 Lysophospholipids: S1P and LPA

In the context of vascular biology, the bioactive lysophospholipids sphingosine-1-phosphate
(S1P) and lysophosphatidic acid (LPA) were shown to control a variety of cellular functions
both in vascular physiology and in pathology [60] such as atherosclerosis and myocardial
infarction [1]. A lipid phosphate phosphatase that metabolizes LPA has been implied as a
risk factor in coronary artery disease [127], and strategies to influence receptor dependent
signaling and LPA metabolism are being considered as therapeutic approaches.

On the other hand, S1P has mainly been shown to have beneficial activities on the
vasculature, by promoting endothelial integrity and angiogenesis [57], in addition to con-
trolling lymphocytes trafficking and inflammation. S1P produced by red blood cells and
platelets is secreted from cells by specific transporters [136]. In the circulation S1P forms
gradients across the endothelium, which seem to be essential for lymphocyte trafficking
and maintenance of vascular homeostasis [147].

S1P is produced from ceramide via a series of enzymatic reactions [117] (8 Fig. 9.3)
and acts on one of five different subtypes of the SI1P receptor, termed S1P1-5 (previously
EDG receptors) [86]. Activation of S1P1 on endothelial cells results in control of angio-
genesis, cell proliferation, and endothelial integrity. Furthermore, S1P is one of two lipid
mediators (the other is oxidized phospholipids) known to enhance endothelial barrier
function [71]. S1P3 was recently shown to be involved in the pathogenesis of atheroscle-

O Fig.9.3 Biochemical pathway

for synthesis of sphingosine-
1-phosphate Palmitoyl-CoA

Serine palmitoyl Serine
transferase
3-keto-sphinganine

Ketosphinganine
reductase

Sphinganine

Fatty acyl-CoA
Ceramide synthase

Dihydroceramide

Ceramide desaturase ¢

Ceramide

Ceramidase ¢

Sphingosine

Sphingosine kinase

Sphingosine-1-
phosphate
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rosis [73]. Less is known about the intracellular functions of S1P, some of which may be
exerted through direct binding to intracellular protein binding partners.

S1P receptors are promising therapeutic targets for vascular diseases. Fingolimod, a
modulator of SIP receptors that was recently approved for the treatment of relapsing mul-
tiple sclerosis, has multiple effects. While its main activity includes the reduction off lym-
phocyte egress, its action on cardiac cells results in transient suppression of heart rate and
mild reduction in blood pressure for some patients [27].

9.3 Vascular Damage/Atherosclerosis

Vascular damage is thought to be initiated by disruption of endothelial integrity, accom-
panied by inflammatory endothelial activation and loss of barrier function [75, 92]. In
large arteries the development of atherosclerosis is characterized by the accumulation of
lipids in the subendothelial space that results in the formation of an atherosclerotic lesion
or plaque [50, 77, 81, 84, 92, 99, 132]. Plaque lipids are mainly derived from oxLDL that
accumulates in macrophages after being taken up by scavenger receptors. These macro-
phages develop into so-called foam cells that are the hallmark of atherosclerotic lesions.
As a consequence, atherosclerotic plaques contain many different species of biologically
active lipids, and recent evidence suggests that the microenvironment within an athero-
sclerotic lesion is characterized by the relative abundance of these lipids. Moreover, bio-
logically active lipids are key mediators of atherosclerotic pathology, contributing to
plaque initiation, formation, and stability [2].

An imbalance of prostaglandin, thromboxane, and leukotriene formation due to dys-
regulated cyclooxygenase and lipoxygenase activity may promote endothelial dysfunction
and impaired vasoreactivity, initiating a variety of vascular pathologies. Since omega-3
fatty acids, including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), are
precursors to resolvins and protectins, enrichment of these PUFAs has been associated
with vasculo-protective effects. Conversely, saturated fatty acids, which can be released by
lipolysis of triglycerides stored in adipose tissue, have been ascribed pro-inflammatory,
vascular function-impairing effects, and may be a major contributing factor driving vascu-
lar dysfunction in obesity. Similarly, sphingolipids control a variety of vascular functions,
and while S1P generally is considered vasculo-protective, certain receptors, including
S1P3, have been implicated in the pathogenesis of atherosclerosis [73]. Oxysterols are
ligands for certain nuclear hormone receptors (liver X receptors), which control lipid
metabolism in cells, and have been shown to affect foam cell formation in plaque macro-
phages [23, 24, 68, 135, 152]. It has long been known that cholesterol accumulation in the
vascular wall is a hallmark of atherosclerotic plaque formation and destabilization.
Nonesterified cholesterol has been shown to crystallize in the core of atherosclerotic
plaques, and these cholesterol crystals were shown to induce inflammasome activation in
vascular cells [38], contributing to the pro-inflammatory state of atherosclerotic plaques.

9.3.1 Oxidized Phospholipids

The microenvironment in atherosclerotic lesions is characterized by increased oxidative
stress leading to oxidative modification of unsaturated fatty acids and cholesterol in both
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accumulating lipoproteins as well as in membranes of cells undergoing apoptosis and
other forms of cell death [22, 118, 119]. Furthermore, oxidized lipids are shed from dam-
aged membranes in the form of microvesicles and apoptotic blebs which further contrib-
ute to the oxidative environment of the atherosclerotic plaque [65, 112, 137]. Biologically
active compounds such as 4-hydroxynonenal (HNE) can be derived from lipid oxidation
[78]. These oxidation derived biologically active lipids were initially observed in rat livers
[109], on erythrocyte membranes [110], and on oxidized lipoproteins [41, 69]. Direct free
radical-induced oxidation of AA leads to the formation of isoprostanes, which have been
shown to modulate inflammation in atherosclerotic plaques. Recent work has shown that
serum levels of isoprostanes can be used as biomarkers for oxidative tissue damage and
systemic oxidative stress [33, 96, 100]. Both the 8-series E2 and F2 isoprostanes induce
vasoconstriction and anti-angiogenic effects; however, 8-series F2-isoprostanes have also
been shown to disrupt the endothelial cell barrier [8, 56, 98]. Similarly, 12-series F2-
isoprostanes have been shown to induce vasoconstriction in neural vasculature [63]. The
15-series F2- and E2-isoprostanes have been shown to exhibit both vasoconstriction and
vasodilation. These opposing effects can be attributed to agonism of a diverse set of recep-
tors by these lipid species [49, 95] (B Table 9.4).

Oxidized phospholipids have been identified as the biologically active components
of minimally modified LDL [142] and are also present on the surface of apoptotic cells
[30, 65]. On the one hand, some of these lipids, like PECPC and PEIPC, increase endo-
thelial barrier properties [71], while on the other hand, other species, such as POVPC
and PGPC, induce endothelial dysfunction by uncoupling NO synthase [146] and acti-
vating endothelial cells to bind monocytes, the initiating step in the development of
atherosclerosis [11, 80]. Endothelial cells respond to these lipids by upregulation of a
specific gene expression program that is largely dependent on Nrf2 [3, 115]. Previously,
it has been shown that POVPC induces neutrophil-endothelial cell binding, while
PGPC induces binding of both monocytes and neutrophils [80]. Furthermore, in the
setting of atherosclerosis, PGPC and POVPC have been demonstrated to induce a pro-
atherogenic switch in smooth muscle cells [31, 107]. Recently, it was shown that oxi-
dized phospholipids also affect cellular metabolism in both endothelial cells [58, 76]
and macrophages [121]. How these lipids affect cellular bioenergetics and metabolism is
a subject of ongoing investigation. Oxidized phospholipids promote phenotypic switch-
ing in macrophages [120]. Mice that overexpress an antibody that captures oxidized
phospholipids, E06, are protected against the development of atherosclerosis [113] and
myocardial ischemia-reperfusion injury [149]. Furthermore, oxidized phospholipids
have been shown to potently influence platelet activation [9, 16, 89, 90, 125] and coagu-
lation [79, 87, 125].

Mechanisms by which cells recognize and respond to oxidized phospholipids include
pattern recognition receptors (CD36, TLR2, CD14) as well as intracellular sensors such as
the redox-sensitive Keap1/Nrf2 system and potentially nuclear hormone receptors such as
peroxisome proliferator-activated receptors. OxPLs also have anti-inflammatory [91] and
possibly pro-resolving properties [19, 20, 48]. Some of these properties can be ascribed to
the formation of cyclopentenones that are potent activators of Nrf2, while others can be
attributed to the induction of pro-resolving mediator synthesis, as is the case for LXA4 [72].
In humans, OxPLs are carried mainly on LP(a) lipoproteins [10], and their levels have
been correlated with risk of cardiovascular [12, 26, 46, 74, 93] and calcific aortic valve
disease [28, 70].
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B Table 9.4 Biologically active oxidized lipids

Vasoactive Precursor Receptor G protein Function
lipid coupling
8-Series Arachi- TP Vasoconstriction [98]
F2-isoprostane  donic receptor Anti-angiogenic [8]
acid - Disrupts endothelial cell barrier [56]

receptor
12-Series Arachi- Vasoconstriction of neural vascula-
F2-isoprostane  donic acid ture [63]
15-Series Arachi- TP Vasoconstriction [49, 96]
F2-isoprostane  donic receptor

acid

EP2-4 Vasodilation [95]
8-Series Arachi- TP Vasoconstriction [98]
E2-isoprostane  donicacid  receptor Anti-angiogenic [8]

PGE

receptor
15-Series Arachi- TP Gaqg/11 Vasoconstriction [49, 96]
E2-isoprostane  donicacid receptor Platelet aggregation [96]

EP2-4 Vasodilation [96]
Levuglandin Arachi- Disruption of the blood-brain barrier
E2 donic acid
PECPC PAPC Endothelial cell activator [131]

Increases vascular endothelium
barrier function [13]

PEIPC PAPC EP2 Endothelial cell activator [131]
Increases vascular endothelium
barrier function [13]
Promotes binding of monocytes to
the endothelium [82, 143]

POVPC PAPC Selectively promotes monocyte-
endothelial binding [80]
Impairs vascular endothelium barrier
function [13]
Regulates vascular smooth cell
phenotype potentiating atheroscle-
rosis [31, 107]

PGPC PAPC Promotes monocyte- and neutro-
phil- endothelial cell binding [80]
Impairs vascular endothelium barrier
function [13]
Regulates vascular smooth cell
phenotype potentiating atheroscle-
rosis [31, 107]
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9.4 Methods and Protocols for Lipid Analysis

The complexity and varying abundance of bioactive lipids necessitate further investigation
into various roles lipids play in vascular physiology and pathology. Advances in analytical
techniques have proven essential in determining the biological activity of lipids both
in vitro and in vivo. In 1959, Bligh and Dyer introduced a rapid, convenient method of
total lipid extraction from tissue [17], vastly improving upon the previously established
method by Folch [45]. Colloquially known as the Bligh-Dyer method, this method allowed
for rapid lipid extraction using minimal solvent to maximize recovery while minimizing
lipid oxidation. In combination with thin-layer chromatography, the Bligh-Dyer method
provided insight into the lipid composition of biological systems.

Thin-layer and column chromatography were used extensively to separate different
classes of lipids [47]; however, these methods proved ineffective at identifying individual
lipid species within a given class. At the same time, gas chromatography coupled with
mass spectrometry (GC-MS) was commonly used to separate and identify volatile lipid
species. GC-MS was limited to detection of volatile compounds and often required sapon-
ification of nonvolatile lipid species. Consequently, it was necessary to separate lipids by
class, usually by high-performance liquid chromatography (HPLC), prior to GC-MS
analysis. Furthermore, hard ionization, which fragments compounds, was used to identify
analytes based on fragmentation patterns. These limitations restricted interrogation of the
biological lipidome. To overcome these limitations, soft ionization approaches were devel-
oped. While many different soft ionization methods were originally developed, electro-
spray ionization (ESI) has become the ionization method of choice. For the first time, ESI
provided a method to directly analyze the lipidome of biological samples without separa-
tion or derivatization. As a result, mass spectrometer-based methods for analyte separa-
tion were developed. One such method known as intrasource separation relied on
modulating the mobile phase to produce preferential species ionization [53]. This was
followed by precursor ion and neutral loss scanning which allowed for identification of
lipid species based on a common fragment [25]. In combination, these methods led to the
development of shotgun lipidomics, which integrates these approaches to identify lipid
species based on class and acyl chain length [54, 55]. Integration of HPLC with ESI-MS
(LC-MS) resulted in the enhanced sensitivity and provided a means to deconvolute iso-
baric species and is currently used as the standard approach of lipidome identification.

Currently, LC-MS lipidomic approaches can be grouped into two categories: targeted
or untargeted [148]. Targeted LC-MS approaches are limited in scope and develop multi-
ple reaction monitoring profiles (MRM:s) for each lipid species of interest. Typically, these
approaches use a triple-quadrupole mass spectrometer. An MRM is developed for each
analyte in the panel by optimizing ionization for each analyte. This results in high sensitiv-
ity for each analyte. While this approach works well for low-abundance analytes, it is best
suited for a small panel of analytes. Conversely, an untargeted approach allows for detec-
tion of all analytes in a sample. This is achieved by using a time-of-flight (TOF) detection
method which determines the mass of a given analyte by the time required to travel a
specified distance. Compared to triple-quadrupole instruments, TOF methodologies
allow higher mass accuracy, which assists in deconvolution of isobaric peaks. Historically,
this method has been limited in its ability to detect low-abundance species; however, recent
advancements in detection methods have vastly improved these deficiencies. This has been
further enhanced by the availability of comprehensive lipid databases such as LIPID
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MAPS, which provide a compendium for identification of lipid species from mass spectra
results. Despite these tremendous advances in lipid identification, previously described
methods fail to retain the physical location of species within a tissue. Matrix-assisted laser
desorption/ionization (MALDI) and desorption electrospray ionization (DESI) sources
have provided insight into the biological location of lipid species within tissues and have
proven integral for identifying in vivo lipid species location [101, 128, 134, 145].

— Take-Home Message

Lipids are important messenger molecules in vascular biology. The relative abundance of
different enzymatically and nonenzymatically formed lipid mediators determines
vascular function and controls the initiation, progression, and resolution of inflammation.
In pathological settings such as atherosclerosis, endothelial activation and phenotypic
polarization of macrophages and smooth muscle cells are affected by bioactive plaque
lipids. Furthermore, oxidatively modified lipids in the vascular milieu contribute largely to
vascular dysfunction through effects on endothelial activation, leukocyte function, and
cellular metabolism. Emerging mass spectrometry-based lipidomic approaches and the
development of better in vivo models will allow to further investigate and more clearly
define the multifaceted effects of these bioactive lipids on the vasculature.
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What Will You Learn in This Chapter?

This chapter summarizes the current knowledge of the development of atherosclerotic
disease. Well-established cardiovascular risk factors with a focus on lipids and lipoproteins
are discussed, and you will learn how certain lifestyle factors can cause detrimental effects
on your cardiovascular system. You will gain an understanding on how the endothelial
barrier gets altered and how plaques develop until they are prone to rupture. You will also
learn about selected immunological processes involved in atherogenesis with an emphasis
on monocytes and T and B cells and how they interact with each other and arterial vascular
properties. Finally, strategies for cardiovascular disease prevention are discussed.

Atherosclerosis is a specific type of arteriosclerosis, but the terms are often used inter-
changeably. The word comes from the Greek words “athero” (meaning gruel or paste) and
“sclerosis” (hardness), and indeed, the disease is defined by the loss of arterial elasticity
due to vessel thickening and stiffening. This chronic and complex disease probably already
starts in childhood and progresses when people grow older. Atherosclerosis is caused by
the deposition of lipids, immune cells and cell debris, calcium, and other substances in the
inner lining (intima) of the vascular wall of large- and medium-sized arteries. The result
of this buildup is called plaque and represents the underlying cause of coronary artery
disease. If a plaque ruptures or if a blood clot is formed on the plaque’s surface, the blood
flow of the affected artery is disrupted, and the organs and tissues supplied by the blocked
arteries stop receiving sufficient blood and oxygen to function properly. The drastic con-
sequences are heart attacks and strokes. Due to the steady increase in life expectancy, ath-
erosclerosis represents nowadays the leading cause of death worldwide [1]. In the last
decades, a tremendous amount of research across all areas has focused on this disease, and
many aspects of the processes leading to atherosclerosis have been unraveled.

10.1 Risk Factors for Atherosclerosis

The mechanisms that cause atherosclerosis involve more than one specific cause, and it is
therefore considered a multifactorial disease. It has been clearly established that certain
lifestyle habits, genetic traits, and other diseases raise the risk for the development of ath-
erosclerosis. These conditions are generally described as risk factors. The more risk factors
one has, the more likely it is to develop atherosclerosis. But, behavioral risk factors can be
easily avoided in order to help delay or even prevent atherosclerotic disease.

10.1.1 Dyslipidemia

The basics of lipidology are discussed in the book chapter “Lipids and Lipoproteins in Vascular
Biology” by Norbert Leitinger.

Cholesterol is the precursor for bile acids, steroid hormones, and vitamin D, but it
seems that only very low cholesterol levels are needed to maintain these physiological
functions [2]. A century of research links lipids with atherosclerosis [3, 4]. Dyslipidemia
(i.e., deranged lipid parameters measured in serum) has been established as a causal factor
for atherosclerosis-related diseases, such as coronary heart disease and peripheral vascu-
lar disease, and represents a target for several well-established and novel therapeutics in
order to attenuate and reduce the patients’ atherosclerotic burden.
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Increased total cholesterol remains one of the major risk factors for the development of
cardiovascular diseases [5]. Serum cholesterol levels are still, together with blood pres-
sure, age, sex, and smoking status, a central component of various cardiovascular risk
prediction models used in everyday clinical practice from the family physician to the car-
diologist. But, while total cholesterol levels play an important role in general risk assess-
ment, the individual lipoprotein particles (e.g., LDL, HDL) that transport cholesterol and
the associated proteins (e.g., ApoB-100) play a more distinct role in the development and
progression of atherosclerosis. Therefore, clinicians not merely look at total cholesterol
levels alone but lipoprotein-associated cholesterol levels and associated variables impli-
cated in cholesterol transport and metabolism.

The relationship of triglyceride levels in atherosclerosis is uncertain. While metabolic
products of triglyceride metabolism have been shown toxic to endothelial cells, animal
models have not fully established the fact that initiation or progression of atherosclerosis
is induced simply by triglyceride-rich lipoproteins (i.e., VLDL and chylomicrons) [6].
Finally, interventional trial levels have not reached consistent evidence that reducing lev-
els of triglycerides affects cardiovascular outcome [7].

10.1.1.1 Lipoproteins

Lipoproteins are heterogeneous with respect to size, density, composition, and physico-
chemical characteristics. They are pivotal for the transport of cholesterol in the blood.
LDL in particular is the major vehicle that transports cholesterol all over the body in order
to maintain the intracellular functions, the cell membrane, and the biosynthesis of steroid
hormones.

Low-density lipoprotein cholesterol (LDL) has largely replaced total cholesterol as the
primary lipid measurement for cardiovascular risk assessment [8]. A plethora of epide-
miological studies suggest increased levels of LDL as an independent and robust risk fac-
tor for the development of atherosclerotic diseases [9]. Genetic studies of patients with
familial hypercholesterolemia show that lifelong exposure to high levels of LDL choles-
terol in the blood - often caused by mutations of the LDL receptor - results in markedly
reduced life expectancy [10]. Mendelian randomization studies further provide evidence
that LDL cholesterol is likely to be a causal factor for atherosclerotic plaque development
and progression [11]. It is now well appreciated that the exposure to increased serum LDL
cholesterol levels is a critical factor determining cardiovascular risk. Finally, therapeutic
reduction of LDL cholesterol significantly reduces cardiovascular events and mortality. In
fact, the lipid profile component most directly targeted for clinical intervention is LDL
[12]. Unsurprisingly, much research on the pathophysiologic mechanisms of this disease
has focused on this family of lipoprotein particles. LDL is catabolized by either of the two
distinct pathways: a receptor-dependent pathway in the liver or a receptor-independent
pathway in non-hepatic tissues. In the hepatic (LDL receptor dependent) pathway, LDLs
interact with hepatocytes via high-affinity binding of the Apolipoprotein B-100 surface
protein [13]. Importantly, even at low-plasma LDL levels, LDL receptors are saturated.
Thus, when plasma LDL is increased, receptor-independent uptake is greater than the
amount of LDL catabolized by the liver, and subsequently lipid deposition occurs - an
essential step in the initiation, development, and progression of atherosclerosis. High lev-
els of LDLs and by-products of oxidation reactions with LDL influence the response of the
arterial wall, promote monocyte recruitment, modulate smooth muscle cell migration,
reduce endothelial NO synthesis, and increase platelet activation, processes that all initiate
atherosclerotic plaque formation [14-18].
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High-density lipoprotein (HDL) is synthesized in the liver and intestine. HDL acquires
apolipoproteins and lipids from hepatocytes and enterocytes as well as from the hydrolysis
of triglyceride-rich lipoproteins, respectively. Cholesterol of HDL is then exchanged via
the cholesteryl ester transfer protein (CETP) with VLDL or chylomicrons leading to a net
transfer of cholesterol from HDL to triglyceride-rich lipoproteins followed by the hepatic
removal of HDL (“reverse cholesterol transport”) [19]. Strong inverse associations between
HDL and coronary heart disease were first shown more than 50 years ago in the
Framingham study, and the subsequent hypothesis that HDL is protective against athero-
sclerosis was further supported by various animal models [20, 21]. Macrophages have
been shown to transfer cholesterol to HDL by the so-called cholesterol efflux mechanisms,
which could explain the inhibitory effects on atherosclerotic lesions. These observational
and experimental data formed the basis for the widely acknowledged perception of HDL
as the “good cholesterol” and led to believe that HDL protects against atherosclerosis and
that intervention to raise HDL reduces cardiovascular risk [21, 22]. Unfortunately,
attempts to treat this residual risk, with, e.g., CETP inhibitors that dramatically raise HDL,
have been shown ineffective or only met with modest success [23]. Today, HDL remains a
useful biomarker for cardiovascular risk prediction, but, as yet, cannot be utilized for
therapeutic interventions.

Lp(a) is commonly described as an LDL-like lipoprotein particle. Case-control and
prospective epidemiological studies describe Lp(a) as a risk factor for myocardial
infarction and stroke [24]. In addition, recent genetic studies found such a strong asso-
ciation between atherosclerosis and Lp(a) that it is now considered a causal factor in
atherogenesis [25].

Lipoprotein lipase (LPL) is responsible for catalyzing lipolysis of triglycerides in lipopro-
teins. LPL of the vessel wall, which is mainly derived from macrophages, possess proathero-
genic properties. LPL enhances the adhesion of monocytes to the endothelium, and lipolytic
products of LPL such as free fatty acids act on endothelial cells to promote the entry of
lipoproteins into arterial intima (see » Sect. 10.2.1 “Endothelial Dysfunction”) [26].

Apolipoproteins are the protein moiety of lipoprotein particles and are present mainly on
the lipoprotein surface. Apolipoprotein B-100 (ApoB-100) is the main protein component of
the (potentially) atherogenic lipoproteins LDL and Lp(a). ApoB-100 causes dysfunction of
endothelium in the initial stage of atherogenesis by impairing endothelium-dependent vaso-
dilation and proved to be a clinically useful early marker of atherosclerosis [27-29]. ApoE
promotes clearance of triglyceride-rich lipoproteins by binding to LDLR to mediate lipolytic
processing and endocytosis of triglyceride-rich lipoprotein remnant particles. A plethora of
animal models have characterized anti-atherogenic functions of ApoE [30]. Apolipoprotein
A-I (apoA-I) is the major protein associated with HDL. ApoA-I promotes reverse cholesterol
transport from tissues to the liver for excretion [31].

10.1.1.2 Oxidized Lipids

The oxidation of lipids and lipoproteins is a complex process where both the lipids and the
protein moiety undergo oxidative changes through enzymatic or nonenzymatic pathways
and form a wide array of oxidized particles. Under conditions of oxidative stress, oxidized
low-density lipoproteins (OxLDL) formation occurs in the extracellular space of the vessel
wall, but LDL modifications can also develop due to the degradation of native LDLs
by lysosomal enzymes within macrophages [32]. With further oxidization and protein
modification of LDL, loss of recognition by the LDL receptor occurs. Subsequently,
OxLDL binds with high affinity to several other receptors than the native LDL receptors
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including scavenger receptors CD36 and SRA-1 [33]. This results in the uptake of OxLDL
by macrophages, cholesterol accumulation, and finally foam cell formation (see
> Sect. 10.3.1 “From Monocytes to Foam Cells”).

Free radical-induced oxidation of membrane phospholipids further generates oxi-
dized phospholipids (oxPLs). An abundance of complex oxPLs with diverse molecular
characteristics and biological activities has been described. oxPLs were shown to promote
adhesion of monocytes and neutrophils to endothelial cells by initiating chemokine
expression as well as proliferation of smooth muscle cells [34]. In addition, they were
found to promote the expression of tissue factor on endothelial cells, promote mitochon-
drial swelling and apoptosis, inhibit the binding HDL with hepatocytes and subsequently
the delivery of cholesterol to the liver for excretion, and induce prothrombotic state via
platelet activation [35]. Finally, targeted inhibition of oxPLs showed a significant reduc-
tion in the progression of atherosclerosis in mouse models [36].

10.1.2 Diabetes Mellitus

Diabetes mellitus, defined as a metabolic disease resulting from defects in insulin secre-
tion, insulin actions, or both, is characterized by a chronic state of hyperglycemia. Diabetes
mellitus is associated with increase morbidity and mortality, affects the patients life qual-
ity, and is linked to some acute but mainly chronic complications, based on functional and
structural damages to the blood vessels. The disease is unsurprisingly a major indepen-
dent risk factor for the development of cardiovascular disease, and both type 1 and type 2
diabetes have been shown to accelerate the development of atherosclerosis.

Alterations of the vessel wall, due to endothelial and smooth muscle cell dysfunction,
are the main characteristics of diabetic vasculopathy. Various mechanisms by which dia-
betes contributes to cardiovascular disease and atherosclerosis have been identified.
Hyperglycemia increases the generation of superoxide anions, hydrogen peroxide, and
hydroxyl radicals [37]. Subsequently lipid peroxidation and generation of oxidized free
fatty acids occur, which contribute to the development of endothelial dysfunction and
atherosclerosis [38]. Reduced insulin signaling also leads to endothelial dysfunction, by
reducing endothelial nitric oxide synthase expression, nitric oxide production, and activa-
tion of enzymes that regulate the activity of nitric oxide [39].

During diabetic state, advanced glycation end products (AGEs) are generated, a
diverse group of highly oxidant compounds formed by nonenzymatic reactions between
the aldehydic group of reducing sugars with proteins, lipids, or nucleic acids. These harm-
ful species promote vascular damage and acceleration of atherosclerotic plaque progres-
sion by altering functional properties of vessel wall extracellular matrix molecules and
activation of cell receptor-dependent signaling [40]. Interaction between AGEs and its key
receptor RAGE (receptor for advanced glycation end products), a transmembrane signal-
ing receptor which is expressed in various cells relevant to atherosclerosis, alters cellular
function and promotes gene expression and secretion of proinflammatory cytokines. The
importance of the AGE-RAGE interaction and downstream pathways, leading to vessel
wall injury and plaque development, has been verified in numerous animal models [41].
Varieties of oral antidiabetic drugs (e.g., metformin) are currently available and represent
one of the biggest pharmaceutical domains. If oral antidiabetics do not suffice, because of
either insufficient insulin synthesis or reduced insulin sensitivity, subcutaneous injection
of insulin is required.
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10.1.3 Behavioral Risk Factors

Even though various therapeutic options exist, one cannot emphasize enough that for
most patients, the first strategy to treat atherosclerosis is to modify lifestyle habits.

10.1.3.1 Smoking

Smoking is the most important preventable risk factor for the development of
atherosclerosis.

Studies showed increased risk of developing atherosclerosis at all levels of cigarette
smoking, and increased risks were found even for persons who smoked only one cigarette
per day. The risks of myocardial infarction and death from stroke are lower among former
smokers than among those who continue smoking [42, 43]. But, even though a lifelong
residual risk still exists, after 10 years of smoking cessation, only a small difference can be
found for the risk of cardiovascular events between former smokers and non-smokers
[44-46]. Changing smoking habits remains one of the biggest challenges and one of the
most demanding tasks for every clinician.

The pathophysiologic mechanisms by which tobacco smoke accelerates vascular dis-
ease are manifold and complex. Polycyclic aromatic hydrocarbons, oxidizing agents, par-
ticulate matter, and nicotine have been identified as potential contributing factors to
atherogenesis. Via the release of catecholamines, nicotine increases heart rate, blood pres-
sure, and platelet aggregability, adverse hemodynamic effects which are associated with
progression of atherosclerosis and increased risk for atherothrombosis [47]. However,
even though smoking has been investigated heavily, it is probably the least understood
among all the risk factors for atherosclerosis. This is mainly due to the fact that cigarette
smoke contains ~4000 different chemicals and molecules of all sizes and variants. Apart
from the abovementioned candidate compounds, the relevance of most other (toxic) com-
pounds in cigarette smoke in the course of atherogenesis has not been studied or been
poorly understood [48].

10.1.3.2 Sedentary Lifestyle, Diet, and Obesity

Sedentary behaviors are defined as any waking time during which one is in seated, reclined,
or lying posture, which produces low levels of energy [49]. This lifestyle has been identi-
fied as one of the leading risk factors for many chronic conditions and mortality during
the last decade or so. Observational studies clearly show that lack of physical activity
increases the risk of cardiovascular diseases such as type 2 diabetes, coronary heart dis-
ease, or stroke [50]. The increased risk of all-cause and CVD mortality is strongest for
sitting time volumes greater than 6-8 hours per day, and a strong correlation between the
development of diabetes mellitus type 2 and TV viewing time exists [51]. Physical activity
of all sorts significantly reduces the risk of CVD including stroke and myocardial infarc-
tion. The increased cardiorespiratory fitness (due to physical activity) reduces blood pres-
sure, improves endothelial function, and significantly lessens systemic inflammation [52].
On the other hand, sedentary behaviors lead to significantly reduced insulin sensitivity,
increased serum triglycerides, impaired metabolic function, and attenuated endothelial
function. Furthermore, a reduction in shear stress, as a result of physical inactivity, reduces
nitric oxide bioavailability and leads to endothelial impairment, both highly proathero-
genic factors [53]. Fatty acids and glucose are preferentially shuttled toward energy stores
(i.e., adipose depots) if their use is reduced in the case of lower energy expenditure.
But not only the reduced energy consumption due to physical inactivity but mainly the
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western diet led to an endemic disease which spread all over the world: obesity, defined as
a body mass index of 30 kg/m? or greater. Obesity is associated with an increased risk of
hypertension, diabetes mellitus type 2, metabolic syndrome, and dyslipidemia, all pivotal
risk factors for the development of atherosclerosis [54]. The adipocyte not only functions
as an energy reserve but also as an endocrine organ and might play a role in atherogenesis.
Increased levels of leptin, an adipocyte-derived hormone that influences food intake and
energy metabolism, might be a driving force for the development and progression of ath-
erosclerosis. Leptin induces endothelial dysfunction and stimulates inflammatory reac-
tions, oxidative stress, platelet aggregation and migration, as well as hypertrophy and
proliferation of vascular smooth muscle cells [55]. Obesity has many other adverse effects
for the cardiovascular system such as increased total blood volume and cardiac output,
cardiac remodeling, impaired nitric oxide-dependent vasodilation, increased risk for
atrial fibrillation, and increase in carbon monoxide in the blood [56, 57].

Diet plays a central role in the prevention of atherosclerosis. The relationship between
eating vegetables and fruits and preventing stroke and myocardial infarction has been
verified via an abundance of large-scale epidemiological studies [58, 59]. This has been
partly attributed to the antioxidant properties of various molecules contained in fruit and
vegetables. The consumption of seafood has also been contributed with a decreased risk
for cardiovascular disease. N-3 polyunsaturated fatty acids (PUFAs) have been detected as
the potential anti-atherogenic components in fish. PUFAs induce the synthesis of anti-
inflammatory factors including protectin, an inhibitor of the complement cascade, and
resolvins, which promote inflammatory resolution [60].

Since the early 1970s, it has been a widely accepted belief that dietary saturated fats
and dietary cholesterol cause an increase in serum total cholesterol, as well as LDL, and
thereby an increase in the risk of atherosclerosis. Based on these false assumptions, dietary
fats were replaced with carbohydrates by food companies, which led to an increase of
obesity, diabetes mellitus II, and coronary heart disease [61]. Even though lipids are a key
player in atherosclerosis, dietary intake of fat (including cholesterol) is not the crucial
factor in atherogenesis. Dietary cholesterol intake — unless excessive — has only a small
effect on fasting plasma cholesterol levels and is not associated with coronary heart disease
[62]. Lipids and lipoproteins are to a greater extent influenced by other factors than the
dietary intake, such as body weight, metabolic state, genetic factors, and the individual
inflammatory response. Carrying too much fat appears to be far more of a driver for ath-
erosclerosis than eating it.

10.1.4 Arterial Hypertension

Significant numbers of patients with hypertension develop atherosclerosis, and the
underlying mechanisms include endothelial dysfunction, oxidative stress, vascular
remodeling, fibrosis, and alterations of immunoregulatory T cells [63]. Essential hyper-
tension (which comprises 90% patients with arterial hypertension) is characterized by a
defective endothelial nitric oxide pathway, impaired responsiveness to exogenous nitric
oxide, and reduced generation of nitric oxide. The reduced nitric oxide bioavailability
leads to loss of the protective properties of the endothelium and thus to the expression of
a pro-inflammatory state, which subsequently turns into a pro-atherosclerotic environ-
ment. Notably, atherosclerosis is also a risk factor for hypertension, which promotes a
vicious circle [64]. Increased body weight is likely the most important risk factor for
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arterial hypertension, and the correlation between body weight and arterial hypertension
has been well described in the literature in large studies, including the Framingham
cohort [65]. However, not all hypertensive patients are overweight, and other factors
including genetic predisposition, age, and gender affect whether an individual develops
arterial hypertension. Various therapeutic approaches are available for the treatment of
hypertension, targeting different molecules involved such as the angiotensin-converting
enzyme.
Questions Paragraph 1 (More than One Answer Can Be Correct)

9 1. Which of the following are modifiable risk factors for the development of
atherosclerosis?
A. Hypertension
B. Hypertriglyceridemia
C. Smoking
D. Diabetes mellitus type |
E. Physical inactivity

9 2. Oxidation of lipids and lipoproteins leads to:
A. The development of advanced glycosylation end products (AGEs)
B. The uptake of modified lipids and lipoproteins by macrophages via scavenger
receptors
C. Increased expression of inflammatory genes by endothelial cells
D. The secretion of TGF-f by neutrophils
E. Hypertriglyceridemia

10.2 Plaque Formation

10.2.1 Endothelial Dysfunction

Vascular endothelial cell dysfunction is the initiation step of atherosclerosis development.
The initial hypothesis of endothelial dysfunction by Ross and Glomset, in the context of
atherogenesis, postulated that the initiating event in the atherogenic process is a “response
to injury;” induced by noxious substances (e.g., aberrant cholesterol deposits) or hemody-
namic forces (e.g., harmful shear stress of the blood flow) [66]. In the meantime various
other factors involved in endothelial dysfunction have been elucidated, but the principle
remains unchanged.

10.2.1.1 Arterial Shear Stress and Endothelial Activation

Atherosclerosis is a systemic disease that affects all regions of the arterial tree. The most
susceptible areas include branch points and inner curvatures of the coronary arteries, the
carotid arteries, and the iliofemoral arteries. Even though these are the most common places
where atherosclerotic plaques are found, because of its systemic nature, atherosclerosis can
develop at any given location of the arterial tree. The predilection sites are characterized by
changes in endothelial turnover, altered gene expression, and increased presence of
subendothelial dendritic cells [67, 68]. The endothelial monolayer is directly exposed to
blood flow and acts as a signal transduction interface for blood flow stimuli. Blood flow
exerts biomechanical forces on the vasculature and affects the physiology and function of
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endothelial cells as well as subendothelial structures. Blood flow patterns can be categorized
into laminar and disturbed flow. Laminar flow represents the unidirectional movement of
blood within the vessel, whereas disturbed flow is characterized by areas of flow reversal and
includes circulatory and turbulent blood flow. Under physiological conditions, the shear
stress of laminar flow exhibits protective effects to the endothelium. When laminar flow
changes into turbulent flow or circulatory flow, it produces shear stress harmful to the endo-
thelium such as oscillating shear stress or low endothelial shear stress (8 Fig. 10.1) [69, 70].
Under these constant disrupting conditions, the balanced endothelial regulation is altered
and changes into a nonadaptive state. The endothelium is then activated and shows a pro-
inflammatory transcription profile, resulting in expression of adhesion molecules, a higher
permeability to plasma macromolecules, and a decrease in nitric oxide (NO), which finally
results in endothelial dysfunction [69, 71, 72]. Endothelium-derived NO plays a key role in
the physiological regulation of the cardiovascular system and is a powerful vasodilator. NO
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decreases the intracellular concentration via the stimulation of sGC to produce cGMP, caus-
ing relaxation of smooth muscle cells. A quiescent healthy endothelium constitutively
releases NO in response to laminar blood flow. Endothelial dysfunction is associated with a
significant reduction of NO availability. Decreased NO is caused by the uncoupling of eNOS
(nitric oxide synthase 3), reduced availability of its precursor l-arginine, enzyme dysfunc-
tion, and increased degradation. In patients with arterial hypertension, the nitric oxide-
mediated relaxation is severely blunted. Whether hypertension causes reduced NO synthesis
or the other way around is unclear, but evidence suggests that endothelial inflammatory
activation promotes hypertension development [73, 74]. Other important chronic condi-
tions causally implicated in endothelial dysfunction are dyslipidemia and hyperglycemia
(see » Sect. 10.1 “Risk Factors”). Taken together, the activation of endothelial cells is inher-
ently persistent since, at least in parts, it results from the arterial curvature and branching of
the arterial tree. Consequently, a persistent inflammatory response ensues — a prerequisite
for the formation of atherosclerotic plaques.

10.2.2 Precursor Lesions

The atherosclerotic lesion likely begins with early intimal hyperplasia near branch points.
These lesions can be observed from birth and may progress due to adaptive intimal thick-
ening and sometimes grow to be as thick as the underlying media. They may provide a soil
for initial atherosclerotic lesion development, and the rate of progression remains higher
than at other arterial sites [75]. Intimal thickening consists mainly of smooth muscle cells
and proteoglycan matrix with little or no infiltrating leukocytes. Although the precise
mechanisms underlying the formation of intimal thickening are not identified, it likely
represents physiological adaptations to shear stress (B Fig. 10.1). Following endothelial
activation, vascular smooth muscle cells are activated to undergo proliferation and migra-
tion, resulting in progressive thickening of the arterial wall [76].

Advanced (or pathological) intimal thickening is characterized by the presence of lipid
pools which is generally located close to the medial wall and with the occasional first
appearance of macrophages, yet without gross disruption of the normal structure of the
intima. At this point the macrophages are located away from areas of lipid pools and have
not undergone morphological changes. The appearance and accumulation of foam cells
within the intima finally lead to the microscopic appearance of the so-called “xanthoma”
or “fatty-streak”-type lesions [77].

10.2.3 The Development of the Fibro-Inflammatory Lipid Plaque

Many fatty streaks do not progress further, but some, especially those occurring at predi-
lection sites, develop into atherosclerotic lesions. As mentioned above, the determining
moment is the accumulation of acellular, lipid-rich material in the intima. The isolated
lipid pools grow into confluent necrotic cores (or lipid-rich cores) by the invasion of
macrophages. This process irreversibly interferes with the intimal structure and leads to
a disrupted extracellular matrix clogged with lipids and cell debris. When a necrotic core
is present, the lesion is commonly defined as a fibroatheroma. The early phase of the
development of the fibroatheroma is specifically characterized, besides the infiltration of
macrophages into the lipid pool, by the loss of matrix structures such as proteoglycans or
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collagens. At later stages fibroatheromas are characterized by an accumulation of cellular
debris, increased free cholesterol, and a depletion of extracellular matrix [78]. Another
phonotypical feature of atherosclerosis is vascular calcification, a processes considered a
consequence to vascular injury [79]. Vascular calcification is characterized by calcium
deposition in the walls of the vasculature. Mechanisms modulating calcification are com-
plex and involve smooth muscle cell apoptosis, osteochondrogenic differentiation, and
matrix vesicle release [80]. In general, arterial calcification occurs in the intima of the
vessel wall and in the aortic valve, and it is commonly found in the aorta, coronary,
carotid, and renal arteries [81]. The calcification and consequential remodeling of the
vasculature lead to arterial stiffness and fragile arterial plaques and contribute therefore
significantly in the rapid worsening of atherosclerosis [82].

Lipid-rich foam cells contribute to the physical bulk of developing plaques. The expan-
sion of plaque tissue mass leads to local hypoxic stress due to increases in both oxygen con-
sumption and intercapillary distances. In response to tissue hypoxia, the vasa vasorum of the
vessel wall are activated and undergo angiogenesis. While angiogenesis supports further
plaque growth, the newly derived blood vessels are limited to the base and shoulder areas of
a plaque, leaving an avascular core where large numbers of foam cells undergo apoptosis.

Most cells present within the atherosclerotic plaques, including endothelial cells,
smooth muscle cells, lymphocytes, and macrophages, have been shown to undergo apop-
tosis [83]. During atherosclerosis apoptosis is induced by various factors such as oxidative
stress, hypoxia, interferon-gamma, and cholesterol overload [84]. Macrophages represent
the majority of dead cells in atherosclerotic lesions. The apoptosis of macrophages might
have a potential beneficial effect in early lesion development since a decrease of these cells
within the plaque would weaken the inflammatory response and lower the synthesis of
matrix degrading enzymes. However, the loss of macrophages at a later stage decreases the
ability to clear apoptotic cells and cellular debris [78]. Furthermore, under specific cir-
cumstances macrophages can secrete pro-inflammatory mediators during the ingestion of
apoptotic bodies and might also contribute to the formation of secondary necrosis, an
autolytic process of cell disintegration with the release of cellular components [85].

The very high numbers of apoptotic cells found in atherosclerotic lesions, suggest
either increased cell death or insufficient mechanisms for the removal of apoptotic cells in
the course of atherogenesis [86]. Accelerated and increased cell death may result from
apoptotic triggers such as oxLDL particles and interferon gamma but also as a result of
impaired efferocytosis. Evidence suggests that prophagocytic signals are reduced in ath-
erosclerosis caused by inflammation, posttranslational modifications, and genetic vari-
ability. This further decreases the phagocytosis and clearance of cells within the
atherosclerotic lesion. Uncleared apoptotic cells become secondary necrotic and release
additional proinflammatory stimuli, thus promoting a vicious circle. The cell burden
within the atherosclerotic plaque is therefore thought to be not the consequence of excess
cell death but rather insufficient clearance of dead cells [87, 88]. The latter is a hallmark of
an impaired resolution of inflammatory responses.

10.2.4 The Vulnerable Plaque

Atherosclerosis progresses slowly over decades, and the transition to an abrupt life-
threatening event occurs infrequently. Thus, the majority of subjects with atherosclerosis
develop asymptomatic disease, and the impact of slow progressive vessel narrowing and
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chronic ischemia is often compensated by the development of collateral vessels. The term
“vulnerable plaque” (often synonymously referred to as “unstable plaque”) describes an
atherosclerotic lesion that is prone to rupture and may result in life-threatening events
such as myocardial infarction or stroke. At advanced stages, atherosclerotic lesions are
fragile protrusions filled with lipid droplets, leaky and unstable blood vessels, a large
necrotic lipid core with abundant inflammatory cells and few smooth muscle cells, disin-
tegrated extracellular matrix, and a thin fibrous cap on the arterial luminal side. In addi-
tion, intraplaque bleedings increase significantly the levels of free cholesterol and lead to
rapid necrotic core expansion and plaque progression, further promoting its vulnerability.
Such a rupture-prone plaque is often described as a thin-cap fibroatheroma (TCFA) [90].
Important clinical criteria defining vulnerable plaques include active inflammation, the
presence of a thin cap with a large lipid core, endothelial denudation with superficial
platelet aggregation, fissured plaques, the presence of high-grade coronary stenosis, arte-
rial stiffness, and calcification [91, 92]. Notably, even though data support the importance
of plaque composition in the risk for developing events, the only measurable plaque fea-
ture that actually predicts clinical outcome is the size of the plaque and the degree of the
arterial stenosis [93]. Large-sized rupture-prone plaques might not be the only vulnerable
plaques. Hemodynamically insignificant coronary plaques can rupture and produce car-
diac events long before it produces relevant lumen narrowing with symptoms of angina
pectoris [94].

Demographically, the etiology and pathophysiology of plaque formation might have
shifted over the years. Changes in risk factor profiles, the reduced nicotine abuse, and
especially the broad use of statin treatment could have led to relevant transformation of
atherogenesis with significant clinical implications. Today, “typical” patients with the
clinical presentation of myocardial infarction or stroke not only consist of middle-aged
Caucasian males but a broad range of demographics including individuals with prevalent
diabetes [95].

10.2.5 Plaque Rupture

Plaque destabilization is a biomechanical phenomenon depending on applied stresses,
structural features, and biological processes that determine mechanical strength. The
rupture of an atherosclerotic plaque is defined as a fibroatheroma with cap disruption in
which a luminal thrombus communicates with the underlying necrotic core [96]. When
the fibrous cap fails to resist hemodynamic stress, plaque rupture occurs, causing severe
hemorrhage and thrombosis due to the collapse of intraplaque blood vessels. Plaque rup-
ture is defined as a fibroatheroma with cap disruption, in which a luminal thrombus
communicates with the underlying necrotic core [97]. Postmortem analyses revealed
that disruption of the fibrous cap, leading to exposure of the thrombogenic lipid core to
the bloodstream, is responsible for two-thirds of all coronary events [91]. In approxi-
mately one-third of all cases, the thrombus develops following intimal erosion [98]. In
these patients thrombi occur over plaques with superficial endothelial erosion [99]. A
defining aspect of plaque erosion is the absence of endothelial cells at the plaque-throm-
bus interface [100].

Depending on the location of the plaque rupture, blockage of arterial blood flow by
the resultant thrombus may lead to myocardial infarction, stroke, or occlusion of a
peripheral artery of the legs or arms. Thrombus formation on a ruptured or an eroded



207
Atherosclerosis

atherosclerotic plaque is the critical event that leads to atherothrombosis and vessel
occlusion. But, not all cases of plaque disruption will lead to clinical events, given that
thrombus growth processes are critical for the development of atherothrombosis and
arterial embolism [101]. The thrombotic response to plaque rupture is regulated by sev-
eral known (and likely a lot of yet unknown) factors. These include the thrombogenicity
of plaque constituents (including lipids and tissue factor), local hemodynamics deter-
mined by the severity of the underlying stenosis, and shear-induced platelet activation by
systemic hemostatic activity [102]. Arterial thrombi are primarily composed of aggre-
gated platelets due to their unique ability to adhere to the injured vessel wall as well as to
other activated platelets under shear rate. During plaque rupture or plaque erosion,
various subendothelial matrix proteins become exposed to blood, such as von Willebrand
factor (VWF), fibrillar collagens, fibronectin, and laminin, which all promote platelet
adhesion through specific receptors [103]. These adhesive interactions are responsible to
the formation of stable aggregates and the promotion of thrombus growth. Tissue factor,
mainly derived from the shedding of apoptotic tissue macrophages and activated leuko-
cytes of the atherosclerotic plaque, is considered a critical factor for the formation and
propagation of the thrombus [104].

After the plaque rupture, the organizing thrombus gets incorporated into the plaque,
and re-endothelialization of the lesion surface occurs. Repeated cycles of plaque damage
and thrombus formation promote progressive stenosis of the vessel lumen, leading to a
marked reduction of blood flow and finally total occlusion of the artery [105, 106].

Questions Paragraph 2 (More than One Answer Can Be Correct)

Q 3. Which of the following can cause endothelial dysfunction?
A. Oscillating shear stress
B. Low endothelial shear stress
C. High endothelial shear stress
D. Laminar flow
E. Constant blood flow

Q 4. Approximately one-third of all coronary events:
A. Are caused by high endothelial shear stress
B. Are not associated with atherosclerosis
C. Are associated with insufficient LDL synthesis
D. Are caused by intimal erosion of atherosclerotic plaques
E. Involve platelet aggregation

10.3 Inflammation in Atherosclerosis

It has only been in the past two decades that the weight of evidence established atheroscle-
rosis as an inflammatory disease rather than solely a disease associated with cholesterol
accumulation and metabolism. Today, atherosclerosis is seen as a chronic inflammatory
arterial disease driven by both innate and adaptive immune responses to modified lipo-
proteins and components of the dysfunctional vascular wall. Activation of the endothe-
lium and the consequential leukocyte trafficking across the endothelial barrier supply the
reacting tissue with effector cells. The primary leukocyte type recruited to the intima is the
monocyte.
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10.3.1 From Monocytes to Foam Cells

10.3.1.1 Monocyte Adhesion and Infiltration

Monocytes are hematopoietic cells and are usually defined by their cell surface expres-
sion of CSFR1 (CD115) and aMp2 integrin (CD11b). In humans, circulating monocytes
of the peripheral blood can further be differentiated based on their cell surface expres-
sion in “classical” (CD14"*CD167) and “nonclassical” (CD14*CD16**) subtypes [107].
Additionally, a third population displaying an “intermediate” monocyte (CD14**CD16%)
is also detectible in human blood and probably represents a transitional state between
the two. In mice, monocytes are commonly distinguished based on their cell surface
expression of the GPI-linked membrane protein Ly6C, in either Ly6Ch¢" (correspond-
ing to the human CD14**CD16~ and CD14**CD16%) and Ly6C!*" (corresponding to the
human CD14*CD16**) monocytes [108]. The classical monocytes are recruited to sites
in case of infection where they differentiate to macrophages and dendritic cells and act
as effector cells against a broad range of microorganisms [109]. Evidence further sug-
gests that these cells are also capable of trafficking to lymph nodes and present antigen
to T cells, functions similar to those of classical dendritic cells [110]. In contrast, non-
classical monocytes are often attributed a counterbalancing, anti-inflammatory role.
These cells work as patrolling safeguards on the luminal surface of vascular endothelial
cells during steady-state conditions [111], and up to one-third of all nonclassical mono-
cytes have been suggested to be in contact with the blood vessel wall at all time [112].
Based on these functional characteristics, the classical and nonclassical monocytes are
also referred to as “inflammatory monocytes” and “patrolling monocytes.”

Monocytes play a pivotal role in the development and exacerbation of atherosclerosis.
Large prospective clinical studies indicate that circulating monocyte levels are associated
with cardiovascular outcome. As the atherosclerotic process worsens, the number of
monocytes in the peripheral blood rises. CD 14**16" monocytes were found increased in
patients with coronary heart disease and myocardial infarction, probably due to an upreg-
ulation of proinflammatory mediators [113, 114]. Even in the general population without
present cardiovascular disease, increased numbers of CD14** and CD16" monocytes were
independently associated with cardiovascular events including myocardial infarction and
stroke [115]. Besides a rise in monocyte numbers in the peripheral blood, an increase of
monocyte activation leading to chemokine-dependent monocyte recruitment can be
found in atherosclerosis [116].

Like all leukocytes, monocytes must transmigrate through the endothelium to reach
their destination. Following chemotaxis, monocytes adhere and roll on endothelial cells
through interaction with membrane-bound surface proteins. This so-called adhesion
cascade is a sequence of adhesion and activation events that ends with the extravasation
of monocytes (or in general leukocytes). The five major steps of the adhesion cascade
include capture, rolling, slow rolling, firm adhesion, and transmigration. Within this
process, each phase is conditional on the next. Every step appears to be necessary for
effective leukocyte extravasation, since blocking any of the five can severely reduce leu-
kocyte accumulation in the tissue. At any given moment, capture, rolling, slow rolling,
firm adhesion, and transmigration all happen in parallel, involving different leukocytes
in the same vessel.

The mechanisms, which enable circulating monocytes to detect sites of extravasation
in inflamed or damaged tissues, were extensively investigated in the last decades or so. The
upregulation of selectins on the surface of endothelial cells induced by inflammatory
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mediators provides a molecular basis for leukocytes to recognize endothelial cells in
inflamed tissue and, at the same time, provides a mechanism for the docking and capture
of these leukocytes. One of the most studied adhesion molecules in this context is
P-selectin glycoprotein ligand-1 (PSGL-1), a transmembrane glycoprotein in leukocytes,
which interacts not only with P-selectin but also with E-selectin and L-selectin. PSGL-1 is
highly expressed on monocytes, especially the Ly6Chi8" subset [117]. Once endothelial
cells are activated, the Weibel-Palade bodies rapidly fuse with the plasma membrane and
present P-selectin on the cell surface, initiating the immediate attachment and rapid roll-
ing of leukocytes over endothelial cells [118]. Other important endothelial adhesive fac-
tors are the intercellular and vascular adhesion molecules (ICAM and VCAM) which
belong to the cytokine-inducible Ig gene superfamilies’ and bind leukocyte integrin.
ICAM-1, ICAM-2, VCAM-1, and other CAM clustering events transduce multiple
outside-in signals which all lead to activation of endothelial cells. These signaling cascades
modulate numerous intracellular endothelial targets, including cytoskeletal remodeling
machineries that facilitate junction opening and promote leukocyte crossing via endothe-
lial cell junctions [119].

Chemokines and chemoattractants function as guidance cues for the transmigration
step of monocytes by activation of integrins and thereby the cellular migration machinery.
Leukocyte integrins must develop high affinity and avidity for their specific endothelial
ligands in order to establish firm shear-resistant adhesions. The most important integrins
for leukocyte extravasation are lymphocyte function-associated antigen 1 (LFA-1), which
is expressed by all leukocytes, and macrophage antigen 1 (MAC1) as well as the p1 integ-
rin very late antigen 4 (VLA4), which is highly expressed by inflammatory monocytes
[120]. Successful leukocyte recruitment also depends on a transient loss of cell surface
vascular endothelial (VE) cadherin [121]. VE cadherin plays a critical role in maintaining
the integrity between neighboring cells, as well as in facilitating the barrier function of the
endothelium to macromolecules and to extravasating leukocytes. When VLA-4 binds to
endothelial VCAM-1, a signaling cascade is set in motion that causes VE-PTP (an endo-
thelial membrane protein) to dissociate from VE - cadherin [122]. The dissociation of
VE-PTP from VE cadherin is required for the opening of endothelial cell contacts during
induction of leukocyte extravasation [123].

Paracellular leukocyte migration through endothelial cell junctions is the primary
mode through which leukocytes finally breach through the endothelial cell barrier, but
in vivo studies have illustrated that transcellular transmigration (i.e., through the body of
the endothelium) of leukocytes also exists [124]. Via their integrins and adhesive ligands,
leukocytes are also capable to crawl on the apical site of endothelial cells (even under high
shear stress conditions) in search for potential exit cues [125].

Most of the abovementioned data about leukocyte or monocyte extravasation were
observed in various in vitro and animal models under physiological or specific inflamma-
tory conditions. Nevertheless, findings of atherosclerosis research indicate that the prin-
ciples of leukocyte transmigration also apply for the development of endothelial
dysfunction and atherosclerotic plaque formation. In vivo studies show that Ly6Chi
monocytes bind to activated endothelium and infiltrate atherosclerotic lesions better than
Ly6C*" monocytes [126]. Imaging of arterial vessels further showed that Ly6C"¢" mono-
cytes preferentially localize to lesion-prone sites such as the curvature of the aortic arch or
arterial branch points [127]. Initially, monocytes accumulate at sites of endothelial dys-
function or atherosclerotic plaques with increased expression of various cell adhesion
molecules such as ICAM-1, VCAM-1, or P-selectin. Mice with P-selectin deficiency or
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antibody-mediated inhibition of its function display reduced early plaque formation [128,
129], whereas the injection of recombinant murine P-selectin led to a shift toward a more
unstable plaque phenotype [130]. In vitro systems (in the absence of flow) further high-
light a prominent role of the endothelial cell adhesion molecule CD31, or platelet endo-
thelial cell adhesion molecule-1 (PECAM-1), in the transmigration of monocytes [131].
Knockout of CD31 significantly reduces transmigration of monocytes into the vessel wall
[132] and even mitigates atherosclerotic plaque formation in mice [133].

Other cellular components of the blood are also involved in the complex recruitment
of leukocytes into atherosclerotic plaques. Platelets binding to the endothelium precede
the appearance of adhesion leukocytes in plaques [134] and lead to surface expression of
monocyte-attracting chemokines [135], enabling monocyte-platelet aggregation. These
aggregates release further chemokines (e.g., CCL2, interleukin-1-beta), which promote
monocyte recruitment to atherosclerotic lesions [136, 137]. Neutrophils might contrib-
ute to recruitment of classical monocytes by secreting cathelicidin, which induces inte-
grin activation on monocytes, or cytoplasmic proteins such as calprotectin, which
activates vascular endothelium and impairs endothelial integrity [138-142]. Neutrophil
extracellular traps (NETs) — primarily described to catch and neutralize invading patho-
gens but recently spotlighted in sterile inflammation — may further promote lesional
macrophage accumulation [143]. Finally, antibody-mediated depletion of neutrophils in
mice lacking apolipoprotein E (Apoe™~) results in significantly reduced lesion burden
in atherogenesis [144].

However, today, no direct evidence - such as in vivo imaging - exists, proving that the
abovementioned mechanisms actually regulate leukocyte recruitment to human athero-
sclerotic lesions. Further investigations, including in vivo imaging studies, will be neces-
sary to elucidate the path of leukocytes from blood to atherosclerotic plaques.

10.3.1.2 The Foam Cell Formation

The early stages of atherogenesis are characterized by the differentiation of recruited
monocytes into macrophages, the orchestrating cells of the disease. Macrophages clear the
excess modified lipoproteins that accumulate in the neointima, become engorged with
lipids, and can therefore no longer emigrate from the plaque, contributing to the failure of
inflammation resolution and to the maturation of a complicated atherosclerotic lesion.
Whereas the role of circulating monocyte subtypes in atherogenesis has only recently
been investigated, the involvement of macrophages in atherosclerosis has first been
described more than 30 years ago [145]. It then took another 10 years to recognize athero-
sclerotic lesional macrophages as (mostly) originally recruited monocytes, where they
take up large amounts of cholesterol to generate the so-called foam cells filled with various
cholesterol ester droplets [146]. Today we know of several origins and pathways by which
macrophages develop and take place in the arterial branch. Resident vascular macro-
phages are likely recruited early in life, perhaps even before birth, and these resident mac-
rophages are in parts independent from blood monocytes generated by medullary or
extramedullary hematopoiesis [147, 148]. Their initial vascular seeding is likely depen-
dent on endothelial cell activation, and they probably continuously self-renew under
steady-state conditions throughout life [148]. How exactly residential arterial macro-
phages, of embryonic origin, interact with the vascular macrophage population of mono-
cytic descent is yet unknown. Lesional macrophages might also stem from a phenotype
switch from smooth muscle cells [149]. Notably, mature medial smooth muscle cells can
undergo clonal expansion and transdifferentiate to macrophage-like cells during the



211
Atherosclerosis

development of atherosclerotic lesions [150]. The actual contribution in atherogenesis of
cellular phenotype transition from smooth muscle cells to macrophage-like cells remains
to be demonstrated.

The majority of macrophages within the atherosclerotic plaque derive from circulating
monocytes [151]. Arteries recruit vascular macrophages mainly at sites predisposed to
atherosclerosis, i.e., areas of basal endothelial activation that correspond to hemodynamic
stress. In LDLR™~ mouse models of experimental atherosclerosis, the growth of athero-
sclerotic plaque beyond the subendothelial macrophages can be observed within 2 weeks
after introducing cholesterol in the diet [152]. It is at this time point that a robust influx of
monocytes into plaques appears which subsequently triggers fatty streak formation and
drives plaque progression (see » Sect. 10.2 “Plaque Formation”). After recruitment,
monocytes gain the ability to synthesize and secrete inflammatory mediators. They fur-
ther begin to gain the properties of macrophages, with substantial additional changes that
occur during inflammation-induced maturation. These include changes in metabolism
and large increases in cell size and cytoplasmic complexity [153, 154]. After monocytes
differentiate into macrophages, they become rapidly the most abundant cell type of the
atherosclerotic plaque.

The phenotypes of lesional macrophages can likely change rapidly as the microenvi-
ronment and intracellular signaling pathways change, for example, by increased exposure
to lipoproteins or inflammatory stimuli (8 Fig. 10.2). In the last decade, two major
macrophage subtypes were unraveled [155]. The “proinflammatory” M1 macrophages are
characterized by high production of NO and reactive oxygen intermediates and engage in
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the defense against intracellular parasites and tumor development. The “anti-inflamma-
tory” M2 (or alternative-activated) macrophages are mainly functional in tissue remodel-
ing, angiogenesis, and tumor progression and are also involved in immunoregulation and
allergic reactions. These two macrophage phenotypes have also been attributed a potential
role in atherosclerosis [156]. However, it is unlikely that the phenotype of macrophages in
atherosclerotic plaques can be classified into two distinct subsets. Lesional macrophages
are a consequence of the continuous change of the (in)activation of specific intracellular
signaling pathways as well as the microenvironmental change of the atherosclerotic plaque
and can therefore best be regarded as a wide continuum of phenotypes and functions.

Although newly developed lesions mostly recruit monocytes from the blood, advanced
atherosclerotic plaques rely primarily on locally proliferating macrophages, with a smaller
contribution from additional monocyte recruitment [157]. This is probably also due to a
change of mechanisms that orchestrate the influx and proliferation of monocyte-derived
macrophages [126]. In early atherosclerosis, lesional proliferation is mediated by granulocyte-
macrophage colony-stimulating factor (GM-CSF), whereas in established atherosclerosis,
macrophage proliferation occurs independent of GM-CSF and is primarily regulated by
other mediators such as type 1 macrophage scavenger receptor class A (Msrl) [157].

Macrophage proliferation in atherosclerotic lesions occurs mainly in response to
exposure to oxidized low-density lipoprotein (oxLDL), oxidized phospholipids, and other
lipid metabolites [158, 159]. Scavenger receptors, CD36 and SR class A (SR-A), are the
principal receptors responsible for the binding and uptake of oxLDL in macrophages.
Intracellular nonesterified free cholesterol traffics to the plasma membrane of the macro-
phage and becomes available for efflux [160]. The final removal of cholesterol from the
macrophages occurs at the plasma membrane by passive diffusion or via the ATP binding
cassette (ABC) transporters [161]. The physiologic evolution of these processes may be
related to a fundamental role of macrophages in efferocytosis (clearing apoptotic cells),
which often results in the uptake of large amounts of cholesterol. The fragile balance
between cholesterol ester storage, efflux of free cholesterol, and inflammation determines
whether macrophages transform into foam cells. In a noninflammatory environment,
lipid loading of macrophages may even prevent inflammatory activation [162].

Foam cell formation is the hallmark of atherogenesis. It all starts with the diffusion of
atherogenic lipoproteins from the plasma into the subendothelial space and retention as
a result of interaction with matrix proteoglycans. As discussed above, monocytes differ-
entiate to macrophages after recruitment to the arterial wall, but it is unclear whether the
differentiation process precedes lipoprotein ingestion, accompanies it, or is the driving
force behind it. However, trapped lipoproteins in the intima aggregate and become oxi-
dized. The subsequent uncontrolled scavenger receptor-mediated uptake of the oxidized
lipoproteins, the excessive cholesterol esterification and the impaired cholesterol release
all result in the accumulation of intracellular lipid droplets in macrophages and trigger
foam cell formation. Accumulation of unesterified free cholesterol further causes inflam-
matory activation of macrophages by promoting endoplasmic reticulum stress, calcium
leakage into the cytosol, lysosome dysfunction, and inflammasome activation by choles-
terol crystals [163-166]. OxLDL and oxidized phospholipids especially have the capacity
to trigger NF-kB activation and chemokine expression following recognition by CD36-
TLR4-TLR6 in macrophages [167]. Inflammation itself inhibits cholesterol efflux from
macrophages and potentiates reverse cholesterol transport, suggesting that inflamma-
tion and reduced cholesterol efflux participate in a vicious cycle [168]. Interestingly,
macrophages are not the only cells which can transform into foams cells. Like intimal
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macrophages, intimal smooth muscle cells in atherosclerotic lesions accumulate excess
amounts of cholesterol esters, and formation of lipid-laden smooth muscle cells has been
repeatedly documented [169, 170]. Furthermore, resident intimal dendritic cells also
ingest lipoproteins and differentiate into foam cells. Foam cells derived from dendritic
cells probably even make up a large percentage of intimal foam cells and precede the
appearance of macrophage-derived foam cells [171].

Lesional macrophages are also implicated in critical clinical events. Increase of macro-
phage apoptosis not only causes the enlargement but also the fragility of the lipid core.
Deposition of cell debris drives proinflammatory responses and apoptotic signals for
smooth muscle cells, endothelial cells, and leukocytes, transforming the lipid core into a
necrotic core [172]. During this process inflammatory cytokines and reactive oxygen spe-
cies (ROS) are produced, firing up further destabilizing processes within the advanced
plaque. Finally, various enzymes secreted by foam cells such as matrix metalloproteinases
(MMPs) degrade extracellular matrix which can finally result in plaque rupture and con-
sequently atherothrombosis (see > Sect. 10.2.3 “The Development of the Fibroinflammatory
Lipid Plaque”).

Nevertheless, even advanced atherosclerotic lesions can regress. The artificial increase
of ApoA or the reduction of LDL leads to improved cholesterol efflux and decreased foam
cell formation as well as macrophage content, at least in experimental mouse studies
[173-175]. In those settings of plaque regression, the number of plaque macrophages not
only declines, but the remaining cells transform in more reparative and less inflammatory
phenotypes. The mostly reparative macrophages in regressing atherosclerotic lesions
originate from the peripheral blood, indicating that even in the context of plaque regres-
sion, monocytes are continuously recruited to the arterial wall [176].

Targeting the macrophage count to limit inflammation or atherosclerotic plaque pro-
gression has proven beneficial in various atherosclerotic animal models [177, 178]. To
date these preclinical data have not been successfully translated into the clinic, as pred-
nisolone liposomes accumulated in human atherosclerotic plaque macrophages without
showing any significant anti-inflammatory effects [179].

10.3.2 Dendritic Cells

Dendritic cells (DCs) play a critical role as specialized antigen-presenting cells and essen-
tial mediators in shaping immune reactivity and tolerance. It is therefore not surprising
that DCs are frequently found in atherosclerotic lesions as well as in inflamed areas pre-
disposed to atherosclerosis such as the aortic intima of healthy individuals [68, 180]. DCs
are mainly located in the plaque shoulder, in rupture-prone lesions, or in marginal parts
of the plaque core [180, 181]. Activated vascular dendritic cells promote the synthesis of
tumor necrosis factor alpha and interferon gamma production, indicating that DCs are
involved in T-cell activation. Indeed, disrupting the TGF-beta (an important regulator of
T-cell function) signaling of DCs in Apoe™~ mice led to increased atherosclerotic lesion
formation [182]. As mentioned above, dendritic cells can also absorb lipids and transform
into foam cells [171]. DCs might even have a role in cholesterol metabolism, since the
depletion of DCs leads to a significant elevation of cholesterol parameters [183]. Finally,
clinical studies evaluating the count of peripheral DCs indicate that DCs are reduced in
patients with (advanced) coronary artery disease, likely due to enhanced recruitment to
atherosclerotic lesions [184, 185].
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10.3.3 Lymphocytes in Atherosclerosis

It is now more than 30 years ago that the presence of a large number of CD3* T cells in
atherosclerotic plaques was first described [186]. The majority of T cells in mouse and in
human atherosclerotic plaques are CD4* T-helper cells (Th cells), but - even though to a
much lesser amount — CD8* T cells can also be found in atherosclerotic plaques [187].

10.3.3.1 T-Helper Cells

Thl cells are the most abundant T-cell subtype in human atherosclerotic plaques
(B Fig. 10.3) [188]. Th1 cells are generally involved in defense mechanism against intracel-
lular pathogens but recently have also been causally implicated in several autoimmune
and vascular inflammatory diseases [189]. The main mediators for Th1 differentiation are
IFN-y and interleukin-12. Upon activation, Th1 secrete various cytokines, such as TNF-a,
IFN-y, or IL-2. The most crucial cytokine produced by Th1 cells, IFN-vy, can exert diverse
proatherogenic actions by activating macrophages and dendritic cells [190, 191]. IFN-y
further improves the efficiency of antigen presentation and promotes Thl polarization.
Reduction of IFN-y in Apoe™~ mouse models leads to reduced lesion formation and
enhanced plaque stability, whereas the administered of IFN-y accelerates atherosclerotic
plaque formation [192, 193]. The cellular effects of IFN-y are mainly mediated through
activation of the transcription factor STAT-1, and the inactivation of STAT-1 has repeat-
edly been shown to halt the atherogenic process [164, 194]. These studies, all performed
in experimental mouse models though, indicate that atherosclerosis is a Thl-driven
inflammatory disease [195]. However, IFN-y is expressed not only by Th1 cells but also by
natural killer T cells and natural killer cells as a part of the innate immune response.

Th2 cells play a crucial role in B-cell-mediated humoral responses, especially against
extracellular pathogens. They secrete IL-4, IL-5, and IL-13, and Th2 differentiation is
induced by dendritic cells via IL-6 and IL-13 secretion. The role of Th2 cells in atheroscle-
rosis is highly controversial. Initial investigations attributed IL-4 a proatherogenic role
[196, 197]. Yet, STAT-6 activation by IL-4 induces expression of the important Th2 dif-
ferentiation transcription factor GATA-3, which in turn inhibits the production of IFN-y
[198]. Ergo, Th2 cells might counteract the proatherogenic Thl effect. Indeed, further
studies evaluating the effect of IL-4 on atherosclerosis suggest that the lack of Th2
responses does not promote atherosclerosis and may even be protective [199]. Another
prototypical Th2 cytokine, IL-13, might has been shown to have anti-inflammatory and
plaque-stabilizing properties [200]. Evidence further suggests that IL-5, secreted by Th2,
has atheroprotective properties [201]. Finally, a recent study showed that genetic ablation
of type 2 innate lymphoid cells, which under physiological conditions secrete IL-5 and
IL-13, leads to accelerated atherosclerosis [195]. Taken together, Th2 cells are likely to
have anti-atherogenic effects, but further research will be necessary to validate the role of
Th2 cells in atherosclerosis.

Th17 cells play an important homeostatic role in the clearance of extracellular patho-
gens by recruiting neutrophils and by producing antimicrobial proteins and inflammatory
factors [202]. TGF-P and the inflammatory cytokines IL-6, IL-21, IL-1p, and IL-23 play
central roles in the generation and maintenance of Th17 cells. Th17 cells secrete apart
from its main cytokine IL-17, also IL-21, GM-CSE, and IL-6. Apart from Th17 cells, IL-17
is also produced by other cell subtypes, including natural killer cells and natural killer T
cells [203]. IL-17-positive cells were recently detected in aortic plaques of Ldlr”~ and
Apoe™~ mice fed a western diet [204, 205]. Furthermore, cellular responses to oxLDL and
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collagen V have been shown to promote an IL-6-dependent Th17 pathway [206, 207].
Finally, the use of mycophenolate mofetil (an immunosuppressant) was associated with a
decrease of IL-17 production and interleukin-17-mediated lesional macrophage accumu-
lation [208]. Taken together, Th17 cells are likely to have a significant proatherogenic
characteristic.

10.3.3.2 Regulatory T Cells

Tregs (regulatory T cells) are T cells which have a role in regulating or suppressing other
cells in the immune system. Tregs have been found in both mouse and human atheroscle-
rotic lesions [209-211]. The importance of the Tregs count in atherosclerosis has been
demonstrated in several studies in mice where Tregs were partially or entirely depleted
[212]. In addition to a reduced number of Tregs in the circulation, evidence suggests a
dysfunction in their suppressive capacity during atherogenesis. Tregs from ApoE?° mice
displayed hampered inhibition of effector T cells. Treg numbers are reduced in hypercho-
lesterolemia as well as cardiovascular patients compared to healthy controls.

The suppressive function of human Tregs isolated from peripheral blood of patients
with acute coronary syndrome is significantly decreased as compared with patients with
stable angina or healthy subjects [213, 214]. These studies suggest that patients suffering
from atherosclerosis might benefit from an increased number of atheroprotective Tregs.
In this context, most research today focuses on expanding the potency of Tregs as a poten-
tial immune therapy for atherosclerosis. In fact, a possible strategy to use Tregs for therapy
is adoptive transfer of ex vivo expanded Tregs. Trials on adoptive Treg therapy for GVHD
have proven to be clinically effective without significant reported adverse effects [215].
However, there is yet insufficient data to assess how long the effects of transferred Tregs
last, likely a crucial factor for the potential therapeutic use in atherosclerosis.

10.3.3.3 Killer Cells

CD8 T cells, CD4 T cells, NK cells, and y8-T cells can be found in vast numbers in stable
as well as unstable plaques suggesting that these cells are implicated in vulnerable plaque
development and potentially plaque rupture. Current data indicate that killer cells within
the atherosclerotic plaque are responsible for apoptosis and necrosis via cytotoxin- or
cytokine-dependent mechanisms.

Cytotoxic CD8 T cells are predominantly found in fibrous cap areas and are more fre-
quently detected in advanced human atherosclerotic lesions than CD4 T cell [216, 217].
Recent evidence in mouse models suggests that the depletion CD8 T cells results in
reduced atherosclerosis [187, 218]. Finally, patients with coronary artery disease display a
significant increment of CD8 T cells in the peripheral blood [219, 220].

Cytotoxic CD4 T cells are characterized by their secretion of perforin, granzyme B,
FasL, and TNF-alpha to kill target cells, such as EBV-transformed autologous B cells, in an
MHC class II-restricted fashion [221]. CD4 T cells are significantly associated with unsta-
ble angina and acute coronary syndrome and are likely in parts responsible for the apop-
tosis of smooth muscle cells in human atherosclerotic plaques [222-224].

Natural killer (NK) cells represent 10% of circulating human lymphocytes in the periph-
eral blood, comprising the third largest population of lymphocytes (after B and T cells).
NK cells have diverse biological functions, which include recognizing and killing infected
and malignant cells. Peripheral NK cells are mostly in their resting phase, but activation by
cytokines often leads to infiltration into inflamed or neoplastic tissues. Several chemokines
present in the atherosclerotic lesions may influence NK cell recruitment and activation.
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MCP-1 has been shown to be an important chemoattractant for NK cells, as well as
Fractalkine or CX3CL1 (found in murine as well as human atherosclerotic lesions), which
has been described to induce NK cell migration and activation via IFN-y [225, 226].

Macrophages have been found in close proximity of NK cells within the atheroscle-
rotic lesions, indicating that they are likely to interact during atherogenesis [227]. Further
evidence that NK cells might play a role in (advanced) atherosclerotic disease is provided
by patients with coronary heart disease displaying increased circulating numbers of NK
cells [228].

10.3.3.4 BCells

The involvement of B cells in atherosclerosis is complex. Three major pathways are cur-
rently known by which B cells could influence atherosclerosis: first through antibodies,
second via the regulation of T-cell responses, and third by the production of chemokines
and cytokines [229]. B cells can be found in in low numbers in atherosclerotic lesions and
at adventitial sites close to lesions [230]. B-cell-deficient LDL~/~ mice and splenectomized
mice display increased atherosclerosis, but treatment with anti-CD20 antibody, which
preferentially depletes B2 cells, as well as the specific genetic depletion of B2 cells, reduces
atherosclerosis [231-234]. The proatherogenic characteristics of B2 cells are likely due to
their significant implication in T-cell responses [235], but further research will be neces-
sary to specify the role of B-cell subtypes in atherogenesis.

Even though intertwined with each other, the presence of antibodies within atheroscle-
rotic plaques might be more meaningful than the B-cell count itself, since large numbers
of total IgM and IgG can be detected in atherosclerotic lesions [236, 237]. IgM is likely to
play an important role in the opsonization and noninflammatory removal of oxLDL par-
ticles and is protective against the development of atherosclerosis [238]. There are plenty
of experimental and clinical studies which investigated various specific antibodies in
patients with atherosclerosis, some of them having pro- and others anti-atherogenic prop-
erties. The probably best characterized antibodies in atherosclerosis are targeted against
modified LDL particles. Anti-oxLDL IgM (and IgG) antibodies were found to have protec-
tive effects in atherosclerosis, and vaccines which induce production of anti-oxLDL anti-
bodies may have protective effects against cardiovascular disease [239, 240].

Taken together, due to the diverse functions and wide-ranging influence of B cells on
various immune responses, the distinct functional pathways by which B cells regulate ath-
erosclerosis development remain highly debated and require further investigations.

10.3.4 Inflammatory Cytokines in Atherosclerosis

Since inflammation has been recognized as the hallmark of atherosclerosis, an abundance
of clinical and experimental research has followed in order to elucidate inflammatory pro-
cesses and molecules in the course of atherogenesis. B8 Table 10.1 shows pro- and anti-
inflammatory mediators with particular attention given to cytokines with demonstrated
effects on atherosclerosis. The biological effects of proinflammatory cytokines that may
account for their proatherogenic properties are diverse. It might start with the alteration
of the endothelial barrier, followed by their role in the recruitment and activation of
immune cells to the lesion, and could end with the destabilization of the atherosclerotic
plaques by promoting cell apoptosis and matrix degradation. The most abundant pro-
atherosclerotic cytokine in human atherosclerotic plaques are Th1 interleukins [188].
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B Table 10.1

Cytokine

IL-1p

IL-2

II-5

-6

-8

II-10

IL-12

IL-13

IL-15

IL-18

IL-33
TGF-p

IFN-y

List of selected potentially pro- and anti-atherogenic cytokines. Even though for
some cytokines the evidence is overwhelming of their proatherogenic (e.g., IL-1p) or anti-athero-
genic (e.g., TGF-B) properties, most cytokines in the context of atherosclerosis have only been
investigated in animal models

Atherosclerotic animal models

Administration of IL-1p leads to increased plaque
formation. IL-18~/~ mice display a reduced atheroscle-
rotic burden [241]. IL-1p inhibition in humans showed
reduced cardiovascular events [242]

IL-2 injection increases atherosclerotic lesions and
anti-IL-2 antibody reduces lesion size [243]

IL-5 has atheroprotective properties, and genetic
ablation of IL-5-secreting cells leads to accelerated
atherosclerosis [201]

IL-6 injection increases plaque formation [244].
But, lesion formation also augmented in IL-6~/~mice
[245, 246].

11-8 receptor deficiency reduces the plaque progression
[247]. Increased in fibrous plaques and foam cells
[248, 249]

IL-10 blocks MAPK signaling and NF-kB activation in
monocytes, macrophage, endothelial cells, and smooth
muscle cells which subsequently results in the down-
regulation of the synthesis of pro-inflammatory
cytokines, such as IL-1, IL-6, and TNF-a [250, 251]

IL-12 administration accelerates atherosclerotic lesions;
IL-12~/~ mice have reduced lesion formation [252]

IL-13 has anti-inflammatory and plaque-stabilizing
properties, and genetic ablation of IL-13-secreting cells
leads to accelerated atherosclerosis [200]

IL-15 detected in plaques; IL-15 inhibition leads to
reduction of atherosclerotic lesion size [253, 254]

IL-18 detectable in plaques; several animal models
provide evidence that IL-18 has pro-atherosclerotic
effects [255]

IL-33 reduces macrophage foam cell formation [256, 257]

TGF-B stimulates the chemotaxis of repair cells, restrains
fibrosis through antiproliferative and apoptotic effects
on fibrotic cells, and halts arterial calcification [258]

IFN-y exerts diverse proatherogenic actions by activating
macrophages and dendritic cells [190, 191]. IFN-y
inhibition leads to reduced lesion formation and
administration of IFN-y accelerates atherosclerotic
plaque formation [192, 193].

Pro—/anti-atherogenic
properties

Proatherogenic

Proatherogenic

Likely anti-atherogenic

Uncertain

Likely proatherogenic

Anti-atherogenic

Proatherogenic

Likely anti-atherogenic

Likely proatherogenic

Proatherogenic

Likely anti-atherogenic

Anti-atherogenic

Proatherogenic
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Questions Paragraph 3

Q 5. The majority of macrophages of the early atherosclerotic lesion are derived
from:
A. T cells
B. Smooth muscle cells
C. Circulating monocytes
D. Neutrophils
E. Apoptotic cells

Q 6. Integrins are pivotal for leukocyte extravasation. They include:
A. LFA-1
B. Interferon gamma
C. MAC-1
D. VE cadherin
E. ICAM-1

Q 7. Tregs have:
A. Mostly proatherogenic properties
B. Mostly anti-atherogenic properties
C. No (proven) impact on atherosclerosis
D. Mostly proinflammatory properties
E. Mostly anti-inflammatory properties

10.4 Prevention of Atherosclerosis

Atherosclerosis is still an incurable progressive disease. The change of unhealthy lifestyle
habits and strict adherence to medication have been shown to drastically reduce cardiovascu-
lar mortality and morbidity, but no actual cure that entirely reverses atherosclerotic disease
has yet been found [259]. It is therefore of highest relevance that prevention strategies for the
development of atherosclerosis should be implemented not only in the medical field but also
on a societal level. One of the most important tasks is the eradication of risk factors, which
often stem from unhealthy lifestyle habits (see » Sect. 10.1 “Risk factors”). A survey showed
that only 5% of US adults meet the health standards for the three likely most crucial healthy
behaviors for the prevention of cardiovascular disease: physical activity, vegetable and fruit
consumption, and non-smoking. Considering the fact that atherosclerosis affects more and
more children and young adults, and since unhealthy life habits often remain unchanged, it is
likely that the atherosclerotic disease burden will not regress in the near future [260].

10.4.1 Lipid-Lowering Medications

Statins act by competitively inhibiting HMG-CoA reductase, the first and key rate-limiting
enzyme of the endogenous cholesterol synthesis, by mimicking the natural substrate molecule
HMG-CoA. In the presence of statins, HMG-CoA is not efficiently processed to produce the
next molecule of the metabolic cycle (mevalonate), thereby blocking the pathway of cholesterol
biosynthesis, resulting in lower intracellular cholesterol levels and an upregulation of LDL

10



10

220

F.J. Mayer and C. J. Binder

receptors on the cell surface. Thereby the clearance of LDL particles by the liver is promoted,
and lower total cholesterol and LDL cholesterol levels in the blood are achieved [261]. Statins
are the cornerstone of efforts to reduce the risk for cardiovascular events in patients with ath-
erosclerosis. Large trials have undoubtedly demonstrated that LDL reduction with statins
effectively reduces morbidity and mortality, irrespective of the cardiovascular risk [262].

The cholesterol absorption transport inhibitor, ezetimibe, which lowers LDL only
moderately but is well tolerated and has few side effects, further reduces CVD when added
to statin therapy compared to statin alone [263]. In addition, in the case of statin intoler-
ance or severe side effects (e.g., rhabdomyolysis), ezetimibe represents a useful alternative
as a lipid-lowering drug. Besides ezetimibe, older drugs which have been used for decades
such asniacin, bileacid sequestrants, and fibrates are available for lowering of LDL. However,
the lipid-lowering effects of these drugs are often marginal, and they do not provide any
beneficial effect when added to statins [264]. Recently, a novel very effective LDL lowering
drug class has been introduced to the market: PCSK-9 inhibitors. PCSK9 (proprotein con-
vertase subtilisin/kexin type) is a crucial protein in LDL cholesterol metabolism by its
pivotal role in the degradation of the LDL receptor. Blocking the activity of PCSK9 with
monoclonal antibodies reduces the degradation of LDL receptors and increases the hepatic
clearance of LDL cholesterol. PCSK9 inhibition is a fruitful new therapeutic option for the
treatment of dyslipidemia and associated cardiovascular diseases [265].

10.4.2 Novel Therapeutic Strategies for Atherosclerosis

Inhibiting inflammatory responses might grant us novel pharmaceutical options for ath-
erosclerosis (see » Sect. 10.3 “Inflammation and Atherosclerosis”). In this context, new
therapeutic approaches testing the idea that targeting inflammation can reduce the risk of
adverse cardiovascular outcome in patients with chronic atherosclerotic diseases have been
initiated. A recent study showed that inhibition of interleukin-1p (a potent inflammatory
cytokine) reduces major cardiovascular events in patients with advanced coronary artery
disease [266]. Another still ongoing study currently tests whether low-dose methotrexate,
a folic acid inhibitor used as an anti-inflammatory agent in various rheumatic diseases, can
reduce rates of cardiovascular events among stable post-myocardial infarction patients
with type 2 diabetes mellitus or metabolic syndrome, comorbidities associated with an
enhanced proinflammatory response [267]. Colchicine, an anti-inflammatory agent that is
most commonly used to treat acute gout attacks, might also be a potential drug candidate
for the inhibition of the inflammatory response in atherosclerosis [268]. The future will
show whether and to which extent the modulation of inflammatory responses in patients
with chronic atherosclerosis will be used in every day clinical practice.
Question Paragraph 4

9 8. Reduction of serum LDL cholesterol levels is one of the most important
clinical tasks for the prevention of heart attacks and stroke. Which of the
following treatment options work by direct inhibition of the HMG-CoA
reductase (one answer)?

A. Statins

B. PCSK-9 inhibitors
C. Ezetimibe

D. Niacin

E. Fibrates
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— Take-Home Messages

== Atherosclerosis is a systemic disease that affects all regions of the arterial tree.

== Atherosclerosis is the underlying cause for myocardial infarction, stroke, and
peripheral vascular disease.

== Atherosclerotic cardiovascular disease is the leading cause of death worldwide.

Atherosclerosis is considered a chronic inflammatory condition driven by

innate and adaptive immune responses to modified lipoproteins and compo-

nents of the dysfunctional vascular wall.

== Multiple mechanisms promote atherosclerosis, and it is therefore considered a
multifactorial disease.

== The most important cardiovascular risk factors include dyslipidemia, diabetes
mellitus, hypertension, smoking, and obesity.

== Endothelial cell dysfunction is the initiation step of atherosclerosis develop-
ment.

== Vulnerable plaques (or “unstable plaques”) are atherosclerotic lesions prone to
rupture.

== Plaque rupture leads to thrombus formation which can results in blockage of
arterial blood flow.

== Prevention strategies include change of harmful lifestyle habits, pharmacologi-
cal lipid lowering, and management of diabetes and hypertension.

Answers

® 1. ABCE
@2 BcC

@3 AB

® a4
®s ¢
® o6 AC
® 7 BE
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What You Will Learn in This Chapter

In this chapter you will learn about the pathogenesis, the diagnosis, and the treatment of
venous thrombosis and pulmonary embolism. Furthermore you will learn about special
clinical situations (i.e., cancer, elderly patients, and pregnancy), which are associated with a
high thrombotic risk. Current therapeutic concepts for these groups of patients will also be
discussed.

11.1 Introduction

Venous thromboembolism (VTE) is composed of deep vein thrombosis (DVT) - a clot
formation in the deep veins mainly of the lower limbs - and, as a possible complication of
this, pulmonary embolism (PE), a migration of clot material with the blood flow to the
arterial pulmonary circulation.

The incidence of VTE is estimated to be 1 per 1000 people annually, with DVT
accounting for approximately two-thirds of these events [1]. PE occurs in up to one-third
of cases and is the primary contributor to mortality. The treatment of VTE includes acute
therapy as well as long-term prophylaxis. This therapy usually consists in the inhibition of
the plasmatic coagulation system (anticoagulation).

11.2 Pathogenesis

Virchow’s triad, first described in 1856, implicates three contributing factors for thrombus
formation: venous stasis, vascular injury, and hypercoagulability [2]. Venous stasis is the
most prominent of the three factors, but stasis alone appears to be insufficient to cause
thrombus formation. However, the concurrent presence of venous stasis and vascular
injury or hypercoagulability greatly increases the risk for clot formation. The clinical con-
ditions most closely associated with DVT are fundamentally related to the elements of
Virchow’s triad. These conditions include surgery, trauma, malignancy, prolonged immo-
bility, pregnancy, advancing age, and a history of VTE.

11.3 Diagnosis

The clinical presentation of DVT varies with the extent and location of the thrombus for-
mation. The cardinal signs and symptoms of DVT include asymmetrical swelling, warmth,
or pain in an extremity. A number of scoring systems have been developed to estimate the
pretest probability of DVT. The most widely used scoring system is the Wells criteria [3].
Similar to the Wells scoring criteria, the D-dimer assay has a high sensitivity and relatively
low specificity for the diagnosis of a DVT [4]. The test measures D-dimer, a prominent
fibrin degradation product, which is generated by the fibrinolytic response to thrombus
formation in the body. Elevation of D-dimer is not unique to venous thrombosis, as it can
be increased in various pathologic conditions including malignancy, inflammatory condi-
tions, pregnancy, and liver disease. Given its high sensitivity, the D-dimer assay can help
to rule out DVT especially in low-risk patients.
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11.3.1 Deep Vein Thrombosis

The diagnosis of DVT has changed little in the last years. The gold standard decades ago
was the phlebography. This examination has several disadvantages. Due to the invasive-
ness of the procedure and the need for a contrast agent, phlebography was already replaced
years ago by the compression ultrasound (CUS) [5]. With CUS the deep and superficial
veins of the leg can be examined easily from the groin to the ankle without contrast agent
and radiation within minutes. The veins are examined in cross-sectional view. If there is
no thrombosis in the veins, the vessel can be compressed easily with low pressure. In the
case of DVT, this is not possible, and in the cross-sectional view, a thrombus formation
can be detected. By means of the echogenicity of the thrombus material, the examiner can
also judge about the age of the DVT.

11.3.2 Pulmonary Embolism

The diagnosis of a PE is usually done with a computed tomography pulmonary angiography
(CTPA) [6]. CTPA has high sensitivity and specificity and is minimally invasive and fast
with scan duration of less than 1 second nowadays. CTPA can also reveal other reasons for
chest pain and shortness of breath such as musculoskeletal injuries, pericardial abnormali-
ties, pneumonia, and various vascular pathologies. Most recognized and of frequent concern
of using CT is the theoretical risk of cancer as a result of ionizing radiation. However,
advances in protocols and technique can nowadays minimize the amount of ionizing radia-
tion. CTPA is performed with intravenous contrast agent, which is associated with contrast-
induced nephropathy (CIN) and may not be suitable for patients with renal impairment.

Lung scintigraphy (LS) could be used as one further diagnostic procedure for PE and
as one alternative for CTPA [7]. LS refers to the use of radioisotopes for ventilation, perfu-
sion, or both. Ventilation (V) and perfusion (Q) scans are used in the evaluation of
PE. Although CTPA is the current gold standard, there are some clinical situations in
which VQ scan is preferred, particularly renal failure and allergies to CT contrast agents.
Ventilation agents include aerosolized technetium-99 m (Tc-99 m)-labeled agents [dieth-
ylenetriaminepentaacetic acid (DTPA), sulfur colloid, and ultrafine carbon suspensions]
and radioactive noble gases [krypton-81 m and xenon-133 (Xe-133)].

11.4 Treatment

In the acute situation in which a medication with immediate onset of action is needed, the
anticoagulation is carried out with a low-molecular-weight heparin (LMWH), the penta-
saccharide fondaparinux, or the direct-acting oral anticoagulants rivaroxaban (Xarelto®)
or apixaban (Eliquis®) [8].

Due to the different study designs for two further direct-acting oral anticoagulants
(dabigatran, Pradaxa®, and edoxaban, Lixiana®), a 5-day heparin therapy is required prior
to the treatment start (the so-called heparin lead-in; see also @ Table 11.1).

Long-term secondary prophylaxis is preferably carried out with a non-vitamin K
oral anticoagulant (NOAC; see @ Table 11.1) or, in individual cases, with a vitamin K
antagonist (VKA) (e.g., severe renal impairment). In the case of a cancer-associated VTE
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B Table 11.1 NOAC medication for the immediate treatment of VTE events

Dabigatran? Rivaroxaban® Apixaban® Edoxaban®

Renally 80% 35% 27% 50%

cleared

Standard 150 mg 1-0-1 15 mg 1-0-1 for 10 mg 1-0-1 for 60 mg 0-1-0;

dose 3 weeks; afterward 1 week; afterward 30 mg in case of
20 mg 0-1-0, intake 5 mg 1-0-1 for CrCl 30-50 ml/
with food 6 months; min or body-
mandatory! afterward 2.5 mg weight <60 kg
Optional after 1-0-1
6 months reduction
to 10 mg 0-1-0 (see
text)

Reduced 110 mg 1-0-1 15 mg 0-1-0 See above See above

dose

Not in CrCl <30 ml/min  CrCl <15 ml/min CrCl <15 ml/min CrCl <15 ml/min

case of...

Heparin Yes No No Yes

lead-in

(at least

5 days)

CrCl creatinine clearance (parameter for kidney function)
aDirect thrombin inhibitor
bDirect factor Xa inhibitor

(CAT), the treatment with LMWH has been superior to other forms of therapy for years
now. However, the Hokusai VTE Cancer Trial, published in 2018, was able to show that
the oral substance edoxaban was non-inferior to the subcutaneous-applied LMWH dalte-
parin in the treatment of CAT patients [9]. Therefore, since 2018 edoxaban can be used as
an alternative to LMWH in the therapy of CAT. This therapy is also tested and seems to be
safe in patients with low platelet count down to 50,000 G/L.

11.4.1 Fibrinolysis

The latest European Society of Cardiology (ESC) VTE guidelines published in 2014 has
divided patients with acute PE into a high-risk group, an intermediate-risk group, and a
low-risk group, depending on the mortality [10].

High-risk group: this group is characterized by a high mortality. The following changes are
apparent:
Clinical signs: shock or hypotension with or without signs of right ventricular
dysfunction or myocardial damage
Treatment: reperfusion of the pulmonary circulation with thrombolysis or
embolectomy
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Intermediate-risk group: no shock, no hypotension, and signs of right ventricular
dysfunction.

Intermediate high-risk group: both right ventricular dysfunction in the imaging proce-
dure and also laboratory findings (TropT or NT-proBNP); treatment: anticoagulation; if the
patient gets hemodynamically unstable, thrombolytic therapy may also be considered.

Intermediate low-risk group:  right ventricular dysfunction either by imaging or laboratory
findings (TropT or NT-proBNP); treatment: anticoagulation.

Low-risk group: no shock, no hypotension, no signs of right ventricular dysfunction, and
no signs of myocardial damage; treatment: anticoagulation.

= Fibrinolytic Therapy

Fibrinolytic therapy is restricted to patients with a high mortality, usually the patients in
the ESC high-risk group. Mostly recombinant tissue plasminogen activator (rtPA) is used
for the systemic fibrinolytic treatment. The dosage of rtPA should be 100 mg over 2 hours.
As the patients are in a massively reduced condition, rtPA can also be given with 0.6 mg/
kg bodyweight over 15 minutes (maximum dosage 50 mg).

Definition hypotension: systolic RR below 90 mmHg or fall of RR > 40 mmHg over
15 minutes not caused by arrhythmia, sepsis, or hypovolemia.

Definition marker for right ventricular dysfunction: typical signs in echocardiography or
CT and BNP or proBNP increase

Marker for myocardial damage: elevated troponin T or troponin I

11.5 Duration of Anticoagulant Treatment

11.5.1 Provoked VTE

A provoked VTE is a VTE caused by a specific risk factor (e.g., immobilization, surgery,
stroke, hospitalization). The initial anticoagulant treatment should be given for 3-6 months
[11]. After this time period, the anticoagulant treatment can be stopped when the under-
lying factor (e.g., immobilization) does not exist anymore. In some cases (postthrombotic
syndrome, etc.), further anticoagulant treatment can be evaluated.

11.5.2 Spontaneous (Idiopathic) VTE

Anticoagulation is given for 3-6 months, followed by a risk-benefit assessment of the anti-
coagulant medication. If the patient is in a stable condition and there are no contraindica-
tions for further anticoagulation, anticoagulation should be continued. The risk of VTE
recurrence can be determined with different calculation models (among others the Vienna
prediction model) [12]. In case of a high risk of bleeding, a dose reduction can be per-
formed for two NOACs (rivaroxaban and apixaban) after 6 months (see B Table 11.1).
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In general the decision to continue the anticoagulant medication is made individually,
depending on the comorbidities, the bleeding risk, and the general condition of the
patient.

11.6 Special Situations

11.6.1 Cancer

VTE in cancer patients is a common complication and significantly increases the morbid-
ity and mortality of the patients [13]. VTE is the second leading cause of death in cancer
patients, after the cancer itself.

Though the association between cancer and thrombosis has been apparent for over
150 years, the mechanisms of CAT are multifactorial and incompletely understood.
Cancer type, cancer stage, tumor-derived factors, and genetics affect CAT risk [13]. The
presence of metastasis increases the CAT risk. Patients with the highest 1-year incidence
rate of VTE are those with cancers of the brain, lung, uterus, bladder, pancreas, stomach,
and kidney. For these cancer types, CAT risk increases 4-13-fold in patients with metas-
tases as compared with those with localized disease.

In cancer patients, both the thrombotic risk and the bleeding risk are elevated. In these
patients, various factors including thrombocytopenia, renal insufficiency, chemotherapy-
associated mucositis, gastrointestinal lesions, concomitant medication, and nausea and
vomiting must be considered.

So far various guidelines are published on the treatment of CAT. The ESMO (European
Society for Medical Oncology) guidelines recommend a 6 months’ treatment with LMWH
(low-molecular-weight heparin) [14]. The ESC (European Society of Cardiology) guide-
lines recommend anticoagulation with LMWH for the first 3-6 months [10]. Thereafter,
the therapy should be continued with LMWH or VKA depending on the activity of the
malignant disease. The most recently updated guidelines of the ACCP (American College
of Chest Physicians) recommend a CAT treatment with LMWH over VKA or NOAC
treatment [15].

However, data from newer NOAC studies were not included in these guidelines. The
Hokusai VTE Cancer Trial was able to show that edoxaban is non-inferior for the treat-
ment with LMWH in CAT patients [9]. However, the rate of severe bleeding in edoxaban-
treated patients was higher mainly reflecting non-life-threatening bleeding complications.
Furthermore, these bleeding complications were mainly seen in patients with gastrointes-
tinal cancer.

After CAT anticoagulant medication should be given for at least 3-6 months. After
this time the anticoagulant treatment should be continued in case of active cancer or
ongoing anticancer medication. If the cancer is resumed, the anticoagulant medication
can be stopped in most cases.

11.6.2 Elderly Patients

The incidence of VTE increases with age. There are several reasons for this phenomenon:
the blood flow is reduced in frail patients by the low physical activity, the vessel wall can
be damaged in case of surgical procedures, and the coagulation tendency of the blood can
be increased due to an aging process of the coagulation system.
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In the treatment of VTE, immediate initiation of anticoagulation to prevent progres-
sion of the thrombotic event is of utmost importance. Nowadays all societies agree that
due to the very good efficacy and a significant reduction of especially intracranial bleeding
complications, NOAC medication is the treatment of choice even in elderly patients.

The exact assessment of the risk of bleeding in VTE patients has been difficult for
years, as appropriate scoring models were lacking. The HAS-BLED score, which can be
used to estimate the risk of bleeding in atrial fibrillation (AF) patients, was investigated
recently in VTE patients as well [16]. Furthermore, especially in older patients, antiplate-
let medication is given frequently which increases the risk of bleeding complications.
Antiplatelet medication in addition to anticoagulant medication should only be given in
case of an arterial intervention in the last 12 months.

As an additional factor, the dose reduction recommendations of the substances should
also be taken into account (see @ Table 11.1). Since dabigatran is eliminated 80% renally,
the substance should not be given in patients with a creatinine clearance below 30 ml/min.
The factor X inhibitors can be given down to a creatinine clearance of 15 ml/min.

An additional reduction in bleeding risk can be achieved by reducing the dose of riva-
roxaban and apixaban after 6 months (see @ Table 11.1) in patients after spontaneous VTE
or recurrent VTE. In the case of apixaban, the treatment should generally be reduced to
2.5 mg twice daily after 6 months [17]. In case of rivaroxaban, after 6 months, the dosage
can be continued with 20 mg in case of a high thrombotic risk, or it can also be reduced to
a prophylactic dose of 10 mg in case of a high bleeding risk [18].

11.6.3 Pregnancy

Due to the changes in the coagulation system, pregnancy is a highly thrombophilic situa-
tion. VTE is a frequent cause of maternal death in western countries. Compared with the
(nonpregnant) general population, the incidence of VTE in a pregnant woman before
birth is about 5-fold higher and increases to 15-fold after the delivery. The VTE risk of a
pregnant woman is about 0.2%, and the risk of a fatal pulmonary embolism is about
0.002% [19].

The VTE risk is approximately the same from the beginning of pregnancy throughout
all trimesters. After the delivery the VTE risk increases and is highest in the first 6 weeks
postpartum. This increase is primarily explained by peripartal vascular damage and the
release of tissue factor. In the course of cesarean section, the additional tissue damage
increases the risk of thrombosis again by a factor of 3-5.

There are many reasons for the increased VTE risk during pregnancy; hypercoagula-
bility is certainly the most significant. These changes lead to a physiological protection
against bleeding complications during childbirth.

Other reasons for the increased risk of VTE are the hormonal changes in pregnancy
and the compressive effect of the gravid uterus on the pelvic vessels and the inferior caval
vein. The latter causes a decreased venous runoft with stasis of the blood flow in the venous
system.

The physiological changes in the coagulation system start with the conception and last
up to 6-8 weeks postpartum. These changes include an increased concentration of coagu-
lation factors, decrease in protein S, increase in plasminogen activator inhibitor (PAI) type
1, increase in placental PAI-2 produced in the last trimester of pregnancy, elevation of
prothrombin fragment 1 + 2, and increase of thrombin-antithrombin complexes.
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The most important additional VTE risk factor is a positive VTE history. Up to 25% of
thromboembolic events occurring during pregnancy are recurrent thrombosis. An under-
lying hereditary thrombophilia is another major risk factor, as well as an autoimmune
disease, possibly associated with an antiphospholipid antibody syndrome.

In case of a heterozygous factor V Leiden mutation, the risk of VTE in pregnancy
increases 8-fold, while a homozygous mutation increases the risk 34-fold.

Of practical importance are the following defects: antithrombin deficiency, combina-
tion defects (heterozygous factor V and prothrombin mutation), hetero- or homozygous
defects (factor V or prothrombin mutation), and an antiphospholipid antibody syndrome.
A reduced protein S is physiological during pregnancy. Hereditary protein S and protein
C deficiency are extremely rare. However, if present, they represent a potent thrombo-
philic risk factor, which is further enhanced during pregnancy.

Thrombophilia screening is warranted in women with habitual abortions to exclude
antiphospholipid antibody syndrome. In these women, treatment with low-molecular-
weight heparin (LMWH) may be considered in combination with acetylsalicylic acid to
avoid recurrent abortion.

The compression ultrasound is also the method of choice for the diagnosis of a DVT
during pregnancy. In case of a suspected PE, diagnosis is much more difficult. Due to the
radiation exposure, CTPA and LS are difficult, especially in early pregnancy. In case of
negative compression ultrasound and suspected PE, LS and CTPA are possible even in
pregnant women, especially in hemodynamically unstable condition [20].

In case of anticoagulant treatment during pregnancy, LMWH is the treatment of
choice. These substances do not pass the placenta, and the efficacy and safety of LMWH
for VTE prophylaxis and for the treatment of VTE events in pregnant women have been
well studied. NOAC should not be used on pregnant or nursing women.

— Take-Home Message

Correct diagnosis and immediate start of anticoagulant treatment are of utmost
importance in VTE patients. Nowadays direct-acting oral anticoagulants are the
treatment of choice for most of these patients. Further research is needed especially in
elderly patients to optimize the exact duration of anticoagulant treatment to avoid
bleeding complications
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What You Will Learn in This Chapter

In this book » Chap. 1 will present an overview over genetic variants with proven or at least
convincingly suggested causal relation to vascular diseases. | will discuss polymorphisms in
genes with potential association with secondary risk factors and address functional conse-
quences of genetic variations. The polymorphisms that are causally involved in the patho-
genesis of vascular dysfunction typically impair proteins relevant for the blood coagulation
system, hypertension, obesity, or diabetes. | will address selected genetic factors responsi-
ble for thrombotic diseases, hypertension, diabetes, and obesity. | will also briefly cover the
basics of genome-wide association studies (GWAS) and next-generation sequencing (NGS).
After reading this article, the reader shall understand the importance of the potential heri-
tability of the vascular risk which is a key issue in preventive medicine and is of particular
importance for the development of good strategies to preserve vascular health.

12.1 Introduction

Arterial and venous thrombotic disorders with the clinical manifestations myocardial
infarction (MI), stroke, peripheral arterial disease, and venous thromboembolism (VTE)
are major causes of morbidity and mortality. Age, sex, systolic blood pressure, hyperten-
sion, total and high-density lipoprotein, cholesterol levels, smoking, diabetes, prohor-
mone B-type natriuretic peptide levels, chronic kidney disease, leukocyte count, C-reactive
protein levels, homocysteine levels, uric acid levels, coronary artery calcium [CAC] scores,
carotid intima-media thickness, existing peripheral arterial disease, and pulse wave veloc-
ity are all important risk factors for arterial thrombosis [1]. However, these established
risk factors do not fully capture the overall risk of the diseases. Today we know that the
highly complex pathological phenotypes of vascular diseases are for a large part deter-
mined by genetic predisposition. There is agreement that occlusive coronary thrombus
formation is highly important for myocardial infarction (MI) and stroke. Today, a large
body of data is available associating single nucleotide polymorphisms (SNPs) in candidate
genes with ischemic stroke or coronary artery disease. However, the results for individual
SNPs and genes are controversial, and for many recently discovered genetic factors, the
proof of their functional role is still missing.

12.2 Genetic Variations in the Genome: Single Nucleotide
Polymorphisms/Variants (SNPs, SNVs)

Understanding the relationship between genotype and phenotype is a major biological
challenge. There is great hope that genetic, genomic, and epigenetic discoveries will
enhance this understanding, improve the diagnostic capability, and identify new treat-
ment options [2]. The modern unit of genetic variations is the single nucleotide polymor-
phism (SNP). SNPs are frequent variations of single base pairs in the genome occurring
with >1% prevalence in a given population. Approximately three million SNPs are found
in every individual, indicating a frequency of 1 SNP per 1000 nucleotides. SNPs occur
frequently in cytosine-rich regions. They are responsible for about 90% of the genetic
heterogeneity. SNPs can be located in the coding region and lead to changes of amino
acids (non-synonymous SNPs), but mostly they do not alter the sequence for an amino
acid (synonymous SNPs). Non-synonymous SNPs can have functional (gain of function
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or loss of function) effects, but frequently these are relatively small. SNPs may also influ-
ence the regulation of gene transcription (regulatory SNPs), splicing, or RNA processing
and via these mechanisms affect the protein concentration. The variants are typically used
as markers of a genomic region, and the large majority of them have only a minimal
impact on biological systems. Most of the known SNPs reside outside of coding regions
and/or in genomic regions lacking annotated genes. Often, SNPs are considered as suc-
cessful mutations because they prevailed in a population. The scientific importance of
SNPs is based on their high prevalence and their simple detectability. Although SNPs have
become popular for genetic mapping, discovery and application of SNPs in humans are
not easy.

12.3 Technological Platforms for the Detection
of Genetic Variants

12.3.1 Genome-Wide Association (GWA)

GWA studies (GWAS) are used to detect associations between genetic variants and traits
in samples from different populations. They are a powerful tool for the investigation of the
genetic mechanisms of human diseases. GWAS became possible after the chip-based
microarray technology was developed which allowed testing for one million or more
SNPs simultaneously. Two platforms, one from Illumina (San Diego, CA) and one from
Affymetrix (Santa Clara, CA), are most frequently used. While the Affymetrix platform
has short DNA sequences bound to a chip that recognizes a specific SNP allele, Illumina
uses a bead-based technology. Each platform selects different SNPs, and this can be
important when specific human populations are being studied. SNPs with better overall
genomic coverage are preferable when analysing African populations, because African
genomes had more time to recombine and therefore more SNPs are needed to capture
variations across the African genome.

Up to now, about 10,000 strong associations have been reported between genetic vari-
ants and complex traits. From GWAS results one can conclude that for complex traits,
many loci contribute to the genetic variation. Thus, for most traits and diseases, polymor-
phisms in many genes have been associated with a phenotype, and often this is population
dependent [3, 4]. Therefore, on average, the contribution of a single variant to a disease is
small.

Importantly, the technology for analysing genomic variations is changing rapidly.
Chip-based genotyping platforms will soon be replaced by sequencing the entire genome
by NGS.

12.3.2 Next-Generation Sequencing (NGS)

Sequencing allows the determination of the precise order of nucleotides — adenine, gua-
nine, cytosine, and thymine — within a DNA molecule. The development of rapid DNA
sequencing methods has greatly enhanced biological and medical research and discovery.
NGS analyses have revolutionized our understanding of biological processes. The rapid
speed and the moderate price of modern DNA sequencing technologies have been instru-
mental for the sequencing of complete genomes of numerous species, including humans,
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animal species, plants, or microorganisms. With NGS one can sequence the entire genome
in an automated process after fragmentation of the genome into small pieces [5, 6]. In
many basic science or clinical studies, substantive insight has been gained by comparing
the DNA sequences of genes in different groups of subjects. Today, there are many soft-
ware tools for the computational analysis of NGS data, each with its own algorithm.

It has been shown that a small proportion of the variants detected by NGS cannot be
reproduced by Sanger sequencing [7]. Therefore, before any firm conclusions are drawn
from an NGS study, potential variants identified by NGS should be confirmed by another
method. Furthermore, certain regions of the human genome are not accurately readable
by current NGS technologies. These include regions of high homology (e.g. segmental
duplications) for which reads cannot be uniquely mapped, regions where the reference
genome contains errors or has not been annotated yet, regions with multiple reference
haplotypes, and tandem repeats that extend beyond the sequenced read length.

12.3.3 Importance of the Study Design

NGS lead to the identification of numerous variants, for some of which the clinical sig-
nificance is difficult to ascertain based on our current knowledge. One study found out
that even among laboratories experienced in genetic testing, there was low concordance in
designating genetic variants as pathogenic. In an unselected population, the putatively
pathogenic genetic variants were not associated with an abnormal phenotype in all par-
ticipants. These findings raised the question what implication the notification of patients
about incidental genetic findings may have [8, 9].

Today, scientists and clinicians agree that the success of any well-conducted case/control
study depends on the definition of phenotype criteria. Standardized phenotype rules are
particularly critical for multicentre studies to prevent introduction of a site-based effect into
the study. Even when established phenotype criteria are used, there may be variability among
clinicians how the criteria are applied to assign case and control status. High inter-rater
agreement means that phenotype rules are consistently implemented across multiple sites,
which is highly important. The definition of the criteria for cases and controls is particularly
important for multicentre studies of relatively rare diseases. To better understand the genetic
basis of a relatively rare form of a vascular disease, one has to collect a large number of well-
characterized samples of cases and controls. Then, one can perform genome-wide associa-
tion analyses to assess the association and impact of common and low-frequency genetic
variants on, e.g. cerebral venous thrombosis (CVT) risk by using a case-control study design.
Replication of the results is important to confirm putative findings [10].

12.3.4 Statistics

Statistical tests are generally considered significant, and the null hypothesis is rejected if
the p-value falls below a predefined alpha value, which is nearly always set to 0.05. In case
of GWAS, hundreds of thousands to millions of tests are done, each with a false positivity
probability. The likelihood to find false positives over the entire GWAS analysis is there-
fore high, and correction for multiple testing is essential. One of the simplest approaches
to correct for multiple testing is the Bonferroni correction. For a typical GWAS
using 500,000 SNPs, statistical significance of a SNP association would be set at 1077
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GWA studies represent an enormous opportunity to examine interactions among genetic
variants throughout the genome; however, multilocus analysis presents numerous compu-
tational, statistical, and logistical challenges [8].

12.4 The Haemostatic System, Gene Polymorphisms,
and Atherothrombotic Diseases

Today, we know that hereditary and acquired factors influence the risk of thrombosis, and
a number of environmental factors add to this [11]. The majority of DNA sequence
changes that influence haemostatic and thrombotic phenotypes are either SNPs resulting
in missense, nonsense, or splice site mutations, small micro-insertions, and micro-
deletions which disrupt the reading frame. Several SNPs are located in genes/proteins that
had not been associated with haemostasis, and for some of them, the function is not well
known. However, in association studies with GWAS or NGS, certain SNPs were found
more frequently in patients with atherothrombotic diseases than in healthy controls. A list
of selected genes and the coded proteins which have been reported in several studies is
included in @ Table 12.1. For many of these variants, sequence data, phenotypic annota-
tions, and original literature citations are available from the Human Gene Mutation
Database (HGMD®). Since the 1990s it is clear that besides mutations and polymorphisms
in coding regions of genes, genetic variations in regulatory regions, particularly in the
promoter regions, have an important impact on blood coagulation because of their effect
on the concentration of the proteins [12-14]. For a number of coagulation factors (platelet
components and plasmatic proteins), reproducible data exists regarding the contribution
of SNPs to the variability of their plasma concentration and possible effects on the clinical
phenotype (B Tables 12.2,12.3, 12.4, and 12.5).

12.4.1 How Is a Thrombus Formed?

The rupture of the endothelial lining leads to the exposure of subendothelial matrix pro-
teins, which can interact with blood platelets and plasmatic proteins. Thus, platelets play
an important role, and several polymorphisms have been reported to influence thrombus
formation (8 Table 12.2) [15-17]. Besides platelets, von Willebrand Factor (VWF) is
needed for the initiation of coagulation which mediates the binding of platelets to the
subendothelium in primary haemostasis. The adhering platelets become activated and
expose negative charges. These allow the interaction of haemostatic proteins with the acti-
vated platelets. Calcium is required for the interaction with the negative charges [18].

The coagulation system comprises several enzymes, synthesized as proenzymes, and
cofactors which interact with each other in a waterfall cascade [11] (8 Fig. 12.1). The pro-
enzymes are converted to active enzymes eventually leading to thrombin formation.
Coagulation can be progressing via two intertwined pathways, the intrinsic system com-
prising factors XII, prekallikrein, high-molecular-weight kininogen, and factors XI, IX,
and VIII at negatively charged surfaces and the extrinsic pathway via activation of factor
VII in the presence of tissue factor. Both pathways converge at a common stage involving
factors X, V, and II. As a result thrombin is formed, which cleaves fibrinogen (factor I) and
forms fibrin. The crosslinking of fibrin by activated factor XIII increases clot stability and
its resistance to fibrinolysis [20-23].
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B Table 12.1 Genes, corresponding proteins, functional effects

Association with atrial fibrillation, body mass index
PITX2 Paired-like homeodomain transcription factor 2
ZFHX3 Zinc finger homeobox 3

Association with coronary artery disease, ischemic stroke, blood pressure, myocardial
remodeling atherosclerotic stroke

ABO Blood group, alpha 1-3-N-acetylgalactosaminyltransferase and alpha
1-3- galactosyltransferase

HDAC9 Histone deacetylase 9

ALDH2 Aldehyde dehydrogenase 2

Association with smooth muscle cell development, ischemic stroke in Chinese Han population
FOXF2 Forkhead box F2

Association with coagulation, pulmonary hypertension, early-onset ischemic stroke

HABP2 Hyaluronan-binding protein 2

Association with carotid plaque formation, ischemic stroke

MMP12 Matrix metallopeptidase 12

Association with neuro-inflammation, blood pressure regulation, oligodendrocyte
differentiation

TSPAN2 Tetraspanin 2

Association with venous thromboembolism, in vivo regulation of the A disintegrin and
metalloproteinase 10, transfusion-related acute lung injury

TSPANT5 Tetraspanini15

SCL44A2 Solute carrier family 44, member 2

KNG1 Kininogen 1, high-molecular-weight kininogen
PROC Protein C

PROCR Protein C receptor

SERPINC1 Serpin family C member 1, antithrombin
STXBP5 Syntaxin-binding protein 5

Association with myocardial infarction

SERPINET Plasminogen activator inhibitor-1
PLAT Tissue plasminogen activator
THBD Thrombomodulin

PROCR Endothelial protein C receptor
FGA Fibrinogen alpha-chain

FGB Fibrinogen beta-chain
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B Table 12.1 (continued)

Association with VWF levels

STXBP5 Syntaxin-binding protein 5

STX2 Syntaxin 2

TC2N Tandem C2 domains

CLEC4M C-type lectin domain family 4 member M
SNARE Small NF90 (ILF3)-associated RNA E

Association with FVIII levels
SCARA5 Scavenger receptor class A member 5
STAB2 Stabilin 2

Associated with decreased risk of coronary heart disease

PCSK9 Proprotein convertase subtilisin/kexin type 9
NPCIL1 NPC1-like intracellular cholesterol transporter 1
APOC3 Apolipoprotein C3

APOA5 Apolipoprotein A5

Association with blood pressure

LSP1 Lymphocyte-specific protein 1

TNNT3 Troponin type 3

MTHFR Methylene tetrahydrofolate reductase

NPPB Natriuretic peptide B

AGT Angiotensinogen

ATP2B1 ATPase plasma membrane Ca2+ transporting 1
STK39 Serine/threonine kinase 39

CYP17A1 Cytochrome P450 family 17 subfamily A member 1
NPPA Natriuretic peptide A

NPPB Natriuretic peptide B

CSK C-terminal Src kinase

ZNF652 Zinc finger protein 652

UMOD Uromodulin

CACNB2 Calcium voltage-gated channel auxiliary subunit beta 2
PLEKHA7 Pleckstrin homology domain containing A7
SH2B3 SH2B adaptor protein 3

(continued)
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B Table 12.1 (continued)

TBX3, TBX5 T-box 3, T-box 5

ULK4 unc-51 like kinase 4

ULK3 unc-51 like kinase 3

CYP1A2 Cytochrome P450 family 1 subfamily A member 2
NT5C2 5’-nucleotidase, cytosolic Il

PLCD3 Phospholipase C delta 3

ATXN2 Ataxin 2

CACNB2 Calcium voltage-gated channel auxiliary subunit beta 2
HFE Homeostatic iron regulator

WNK4 WNK lysine deficient protein kinase 4

BDKRB2 Bradykinin receptor B2

Association with systolic blood pressure

ACE Angiotensin-converting enzyme

ADD1 Alpha adducin-1

ADRB2 Adrenergic beta-2 receptor

CYP11B2 Cytochrome P450 family 11 subfamily B member 2
GNB3 Guanine nucleotide-binding protein 3

NOS3 Nitric oxide synthase 3

Association with body mass index, obesity risk, diabetes type 2

FTO FTO, alpha-ketoglutarate-dependent dioxygenase, Fat Mass and Obesity
Associated

B Table 12.2 Selected polymorphisms in platelet glycoproteins [20]

Quantitative trait loci Structure/function Unknown
Integrin a, 807 C>T Integrin B, Leu33Pro a, AR long/short
Integrin o,~52T/C Fc RIIA EAE
Integrin a,-92T/C GPlba Ko Serotonin receptor T102C; 44-base pair
insertion/deletion
GPVI GPlba VNTR c-mpl 550 C/A
GPIb a-5T/C o, AR Asn251Lys PAR1 IVS-14A/T
GNB3
Integrin o,

Thr799Met
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B Table 12.3  Selected polymorphisms in genes of the haemostatic system

Gene
Fibrino-

gen

EXII

PAI-1
FXII

FVII

Pro-
thrombin

Fvill

Protein C

GPla
(ITGA2)

P-selectin

Polymorphism

—455G > A
Thr331Ala

Val35Leu

—675(4G/5G)

—4C>T

Arg413GIn
—401G>T
—402G > A

20210G > A

Asp1260Glu

—1654C/A
—-1641 G/T
1386 T >C,

Glu534Lys

Thr715Pro

rs number

rs1800790
rs6050

rs5985

rs34857375

rs1801020

rs6046
rs510335
rs510317

rs1799963

rs1800291

rs2069901

rs1801106

rs6136

Functional consequences

Increased fibrinogen plasma
levels
Modestly lower plasma levels

Increased FXIIl activity, decreased
clot stability, resistance to
fibrinolysis

Lower PAI-1 levels

Association with lower FXII
plasma levels

Associated with lower FVII activity
Associated with lower FVII
activity 89

Associated with higher FVII
activity and antigen

Associated with Increased
prothrombin plasma level

Associated with FVIII activity

Association of CG haplotype with
Protein C levels

Influences GPla activity, affects
expression density

Associated with soluble P-selectin
levels

253
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B Table 12.4 Selected polymorphisms in the vVWF gene and their functional consequences

Gene SNP

VWEF

VWF
VWEF

VWEF

Variants

Thr789Ala

A(-1185)G
G(=1051)A

Sma | polymorphism in

intron 2

Functional consequence

CAD in patients with diabetes
mellitus |

MI <75 years

stroke, Ml

Reference

[67]

[68]

[69]

12



12

254

C. Mannhalter

B Table 12.5 Polymorphisms associated with VTE [46]

Locus SNP OR Phenotype

ABO [O, A2] vs [A1, B], rs2519093 1.50 1T VWEF, 1 VIl

F2 rs1799963 2.50 1t F2

F5 rs6025 3.00 Resistance to APC
F11 rs2036914, rs2289252 1.35 1T F11

FGG rs2066865 1.47 | FGG

GP6 rs1613662 1.15 1 platelet activity
KNG1 rs710446 1.20 1 aPTT

PROCR rs867186 1.22 1 PC

SLC44A2 rs2288904 1.19 unknown

STXBP5 rs1039084 1.11 1 VWF

TSPAN15 rs78707713 1.28 unknown

VWF rs1063856 1.15 1T VWF

Contact activation (intrinsic) pathway Tissue factor

Damaged (extrinsic) pathway
surface
l Trauma
TFPI
. | -
XIl Xlla \

Tissue factor <—— Trauma

R VIIa Vil
XI Xla /\
) /\ VIII

Xa Vllla 8
3 foenees Antithrombin
/_\ /\ X
. . \"
Prothrombin —- —> Thrombin .. Common
am Va o 7 (lla) - pathway
v <.»",,":’ R '
S N Fibrinogen Fibrin :
SS5EeRaeRces: 0} (1) v
Activatéd protein C TN
Xllla Xl
Protein S .
7 Cross-linked
Protein C + fibrin clot

thrombomodulin

B Fig. 12.1 The coagulation system [11]
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12.4.2 Atherothrombosis, Vascular Diseases, and Genetics

Vascular diseases represent highly complex pathological phenotypes that are influenced
by genetic susceptibility as well as by modifiable (e.g. smoking) and non-modifiable (e.g.
age, gender) risk factors. Much of the burden of vascular diseases can be explained by
“classic” risk factors (e.g. smoking, blood pressure). However, the contribution of genetic
risk factors to vascular diseases is increasingly recognized and understood. The identifica-
tion of underlying mechanisms facilitates the detection of novel therapeutic targets and
contributes to an optimal design of prevention strategies. Genome-wide analysis (geno-
typing several hundred thousands or millions of genetic variants distributed across the
genome) allows an estimation of the heritability of diseases even in the absence of familial
information [24].

Only a small proportion of strokes or CAD are attributable to monogenic conditions,
the vast majority is multifactorial, with multiple genetic and environmental risk factors of
small effect size each [25]. Understanding genetic factors and heritability of the vascular
risk is a key issue in preventive medicine and is of particular importance for the develop-
ment of cost-efficient strategies to preserve vascular health.

Evidence is accumulating from genetic studies and clinical trials, which associations
between genetic factors and vascular diseases are causal. However, noncausal risk factors
may still have their value, particularly, when added to cardiovascular risk scores [26, 27].

GWAS and NGS generated a large body of information on the genomics of cardiovas-
cular disease [28]. Many articles reported GWAS results presenting new genetic determi-
nants of cardiovascular disease, including coronary artery disease. This expanded our
knowledge on the molecular players in cardiovascular pathophysiology considerably. As
pointed out before, it is important to understand the fundamentals of these new technolo-
gies, e.g. the relationship between GWAS and standard epidemiologic study design, the
concepts of DNA sequence variation and linkage disequilibrium, statistical considerations
in studies involving many independent variables and large sample sizes, as well as the
biologic and clinical significance of GWAS-based discoveries.

Unfortunately, published results for individual polymorphisms and genes are often
controversial due to the inequality of studied cohorts, the influence of the study design,
the presence of modulating factors in the population, the genetic background, etc.
Therefore, in spite of successful research, our understanding of the disease pathogenesis is
still incomplete. When standardized study design will become self-evident, there is great
hope that in the near future, genetic, genomic, and epigenetic discoveries will broaden the
diagnostic capability and revolutionize treatment modalities.

12.4.3 Cerebrovascular Disease

Recently, heritability of stroke has been shown based on data from large genome-wide
association studies, and the current estimates of heritability may even increase if
phenotyping becomes more accurate [29-31]. However, heritability, morbidity, and mor-
tality are heterogeneous and depend in part on stroke subtypes. Genetic polymorphisms
and environmental risk factors may interact with each other, and different combinations
may affect the risk differently [32]. Given the small effect size of genetic risk variants for
stroke, large numbers of individuals have to be studied to reach suflicient statistical power.
The identification of functionally relevant variants requires large collaborative efforts,
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which became possible through international consortia [33-36]. While initial studies
identified risk loci for specific stroke subtypes, recent studies revealed loci associated with
stroke in general. This shows that GWAS and large international consortia have been
instrumental in finding genetic risk factors for stroke.

Some new risk factors have been reported to be associated with atrial fibrillation (e.g.
PITX2 and ZFHX3). PITX2, for instance, was previously known to play a crucial role in
embryogenesis, ontogenesis, growth, and development via the Wnt/beta-catenin and
POUIFI pathways. In addition, deleterious mutations in this gene had been reported to
cause serious heart defects in humans. Now, PITX2 was found associated with atrial fibril-
lation. ZFHX3, a known tumour suppressor gene, was also shown to be involved in the
pathogenesis of atrial fibrillation. For coronary artery disease, ABO, chr9p21, HDACY, and
ALDH?2, for blood pressure regulation ALDH2 and HDACY, for smooth muscle cell devel-
opment FOXF?2, for coagulation HABP2, for carotid plaque formation MMP12, and for
neuro-inflammation TSPAN2 were identified [25]. However, another analysis of genetic
variants in stroke patients of 6 cohorts gave different results. No single locus of signifi-
cance (approximately p < 107) could be identified [37]. In a recent meta-analysis which
evaluated 136 biomarkers for their relevance in stroke, 3 biomarkers (C-reactive protein,
P-selectin, and homocysteine) could differentiate between ischemic stroke and healthy
control subjects. High levels of admission glucose and high fibrinogen levels were strong
predictors of poor prognosis after ischemic stroke and symptomatic intracerebral haem-
orrhage post-thrombolysis. D-dimer concentrations predicted in-hospital death. The
study concluded that only few biomarkers have meaningful clinical value. Furthermore,
several of the identified genetic variants that contributed to vascular problems in mice
could not be confirmed in humans [38, 39]. Nevertheless, some genetic markers have been
re-evaluated and confirmed and seem to be important in certain populations [40].

12.4.4 Venous Thromboembolism (VTE)

Venous thrombosis (VT) is a multifactorial disease with a clear genetic component that
was first suspected nearly 60 years ago. VTE comprises deep vein thrombosis, pulmonary
embolism, or both. Today we know that a number of putative conditions interact and
finally contribute to increase the individual risk and ultimately lead to venous occlusive
disorders. Thrombophilia is commonly defined as hypercoagulable state attributable to
inherited or acquired disorders of blood coagulation or fibrinolysis. VTE has a strong
genetic basis. The genetically determined thrombophilic conditions include deficiencies
of natural anticoagulants such as antithrombin, protein C, and protein S, increased func-
tional activity of clotting factors (especially factor VIII), as well as prothrombotic poly-
morphisms in gene encoding factor V (i.e. factor V' Leiden) and prothrombin. Until 1993
we knew only antithrombin, protein C, and protein S deficiency as risk factors for
VTE. These deficiencies were caused by mutations in the three genes, but they explained
VTE just in a small number of patients (less than 10%). In 1993, Dahlbéck et al. reported
a family with poor anticoagulant response due to resistance to activated protein C [41].
Shortly thereafter it was shown that the resistance was caused by a point mutation in the
F5 gene at nt1691, leading to an Arg > Gln amino acid exchange at amino acid position
506 (FV 506R > Q, FV Leiden, rs6025) (B Fig. 12.2) [42]. Coagulation factor V (FV) acts
as cofactor of FXa and plays an important role in the regulation of the coagulation process.
To develop its procoagulatory activity, FV has to be activated either by thrombin or FXa
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by limited proteolysis of several peptide bonds. For maintenance of the haemostatic bal-
ance, inactivation of FVa has to occur by proteolytic cleavage at Arg506, Arg306, and
Arg679 by activated protein C (APC). In the presence of the FV Leiden mutation, the
haemostatic process is no longer in balance. Factor V Leiden is frequent in the Caucasian
population (~5%) and represents one of the most important risk factors for inherited
venous thrombosis [11, 43]. Large meta-analyses investigated the role of the FV 506R > Q
mutation in myocardial infarction and reported an odds ratio of ~1.3 for carriers of the FV
506Q allele [44]. These results suggest that screening for the FV 506R > Q polymorphism
in unselected patients at risk for MI is not indicated. However, according to the literature,
it still cannot be excluded that the FV 506Q mutation has a role in selected patient groups.
Despite the identification of various inherited risk factors associated with VTE, a clear
cause for the disease is still missing in almost 50% of patients. So far, GWAS has not been
able to identify genetic variants with implications for clinical care, and unexplained heri-
tability remains. In the past years, the development of several NGS platforms has been
offering the possibility of generating fast, inexpensive, and accurate genomic information.
However, the use of NGS for VTE studies has been limited [45].

Recently, new SNPs have been identified in genome-wide association studies, such as
those in TSPANI5 (rs78707713) and SCL44A2 (rs2288904) genes. These two unexpected
loci have been previously shown to associate with transfusion-related acute lung injury.
Both variants did not associate with known haemostatic plasma markers and had not been
associated with other cardiovascular diseases nor were they related to quantitative bio-
markers. Evidently, meta-analyses of GWAS data can uncover unexpected actors of VTE
aetiology and pave the way for novel mechanistic concepts of VTE pathophysiology.
Deepened knowledge of all potential risk factors and the clear understanding of their role
in the pathophysiology of venous thrombosis are essential to help achieve a faster and
more efficient diagnosis as well as a more effective prophylaxis of patients at higher risk.
By now, genetic variants in 17 genes are well established; however, additional candidate
genes that deserve further validation are likely to exist [46-48].

12.4.5 Coronary Artery Disease

The relationship of haemostasis and thrombosis with atherothrombotic vascular disease
has been extensively studied. Elevated levels of haemostatic factors, such as fibrinogen,
plasminogen activator inhibitor (PAI-1), VWE tissue plasminogen activator (tPA), factor
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VII (FVII), and d-dimer, were found linked to the development of atherothrombosis and
are risk markers for coronary heart disease (CHD), stroke, and other cardiovascular dis-
ease (CVD) events.

Genetic association studies have been able to identify gene variants associated with
acute coronary syndrome (ACS), peripheral arterial disease (PAD), ischemic stroke (IS),
and venous thrombosis (VTE) [49-51]. In a recent study, a weighted genetic risk score
(GRS) for MI was calculated for SNPs in genes of the coagulation system. Evidence for
association with MI was found for 35 SNPs in 12 genes: factor V (F5), protein S (PROSI),
factor XI (FI1), integrin alpha 2 (ITGA2, platelet glycoprotein Ia), factor XII (F12), factor
XIIIA (FI13A1I), plasminogen activator inhibitor-1 (SERPINE]), tissue plasminogen acti-
vator (PLAT), VWF, thrombomodulin (THBD), endothelial protein C receptor (PROCR),
and factor IX (F9). The GRS differed significantly between cases and controls, and subjects
in the highest quintile had a 2.69-fold increased risk for MI compared with those in the
lowest quintile [52]. It is well known that fibrinogen levels vary interindividually and high
levels have been reported to play a role in CVD. It has been shown that genetic factors
contribute to the variability of fibrinogen plasma levels. The two most frequently studied
polymorphisms are the —455G > A (rs1800790) polymorphism, located in the promoter
region of the fibrinogen beta-chain (FGB), and the 312Thr > Ala (rs6050) polymorphism
in the fibrinogen alpha-chain (FGA). —455G > A is in complete linkage disequilibrium
with the —148C > T polymorphism in the IL-6 responsive element and leads to increased
plasma fibrinogen levels, while 312Thr > Ala is associated with modestly lower plasma
fibrinogen levels (B Table 12.3). The FGA rs6050 single nucleotide polymorphism (SNP)
indicates a decreased risk, whereas the FGB -455G > A SNP seems to increase the risk of
stroke. The risk of myocardial infarction does not seem to be altered by either of those
SNPs [53]. Interestingly, an association between post-stroke mortality and the 312Thr > Ala
polymorphism in patients with atrial fibrillation had been observed by Carter et al. [54].
Thus, although the general risk for MI or stroke does not seem to be significantly affected
by fibrinogen polymorphisms, they may play a role in subgroups of patients. The impor-
tance of fibrinogen polymorphisms in thrombotic disease has still to be proven, but meta-
analyses are under way to obtain convincing data [55].

The fibrinolytic system is essential for the dissolution of blood clots and the mainte-
nance of a patent vascular system (8 Fig. 12.3) [11, 56]. Abnormalities in the fibrinolytic
system have been implicated in the pathogenesis of myocardial infarction and stroke [57].
Two plasminogen activators exist in blood: tissue-type plasminogen activator (tPA) and
urokinase. Activation of plasminogen by tissue-type plasminogen activator (tPA) is
enhanced in the presence of fibrin or at the endothelial cell surface. Inhibition of fibrino-
lysis occurs either at the level of plasminogen activation by a plasminogen activator inhib-
itor (PAI-1) or at the level of plasmin by alpha-2 antiplasmin [11] (8 Fig. 12.3). PAI-1 is
the key regulator of the fibrinolytic system and has the greatest inhibitory effect. It plays a
crucial role in various physiological processes including fibrinolysis, tissue repair, blood
coagulation, thrombolysis, ovulation, embryogenesis, angiogenesis, and cell adhesion and
migration. Polymorphisms in the PAI-1 gene affect PAI-1 levels and have been associated
with myocardial infarction and stroke [58]. In the promoter region of the PAI-I gene, a
common single guanine nucleotide insertion/deletion polymorphism (4G/5G), situated
675 bp from the transcription start site, has been identified (8 Table 12.3). The 5G allele
contains a repressor site and binds both, an enhancer and a repressor, while the 4G site
binds only an enhancer. This leads to a lower transcription of PAI-1 in carriers of the 5G
genotype. A recently published meta-analysis comprising 41 studies including 12,461
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B Fig. 12.3 The fibrinolytic system [11]

cases and 14,993 controls identified the PAI-1 4G allele as weak risk factor for MI in
Caucasian, Asian, and African populations. The MI risk for the 4G/4G genotype was
increased compared to 5G/5G genotype and the 5G allele, with an odds ratio at 1.16 [59].
Elevation in PAI-1 and reduction in tPA levels were observed in stroke patients. In some
studies including ours, the 4G/4G genotype conferred a reduced risk of stroke, possibly
due to a more stable clot and less likelihood of embolic events [60]. Interestingly, a nested
case-control study in two independent Swedish cohorts reported an association of the 4G
allele with an increased risk of future ischemic stroke [61].

The PAI-1 4G/5G polymorphism has also been associated with hypertension. In 815
unrelated Spanish individuals, the 4G/4G PAI-1 genotype conferred an elevated relative risk
of developing arterial hypertension, regardless of PAI-1 levels and other hypertension-related
factors [62]. Recently, it was reported that central arterial blood pressure was higher in
women carrying the PAI-1 4G/4G genotype compared to females with the 5G/5G genotype
[63]. Thus, even though there are many studies suggesting a contribution of PAI-1 to the risk
of vascular events, the exact mechanisms and the affected disease entities are still unclear.

As pointed out before, VWF and factor VIII are highly important for an efficient ini-
tiation and activation of the haemostatic system. FVIII is a large glycoprotein which is
synthesized in the liver. It is elevated in acute phase conditions like stress, inflammation,
etc. The F8 gene is located on the X-chromosome, and mutations within the gene cause
haemophilia A. In plasma, FVIII is bound to VWE, a large plasma glycoprotein synthe-
sized in endothelial cells and megakaryocytes. VWF is particularly important under high
shear stress, where platelet adhesion and primary haemostasis are fully dependent on
VWEF [64]. Elevated plasma levels of FVIII and VWF have been associated with an
increased risk for MI and stroke [65]. Until now, the causes for elevated FVIII remain
unclear, but there is no doubt that high FVIII levels are not merely a consequence of
inflammation but are partly genetically determined. Plasma VWF levels are also to a large
extent genetically determined, and sequence variations within the VWF gene explain a
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portion of the concentration variability. Numerous association studies have been per-
formed to assess the effect of genetic variants in the VWF gene on VWF antigen and
activity levels and on the risk of arterial thrombosis (B Table 12.4) [66-69]. Polymorphisms
within the ABO blood-group locus have been demonstrated to contribute to the wide
population variability. Individuals who are carriers of blood group 0 have significantly
lower VWF and F VIII levels than carriers of blood groups A, B, or AB [70]. Recently, an
association of SNPs in STXBP5, STX2, TC2N, and CLEC4M genes with VWF levels and of
SCARAS5 and STAB2 genes with FVIII levels has been reported. Collectively, these genes
explain ~10% of the variability of VWF and FVIII levels [71]. Genetic variations in other
regulators of VWF including ADAMTS-13, thrombospondin-1, and SNARE protein genes
have also been investigated. A review of the current literature regarding associations
between genetic variations in the VWF gene and the risk of arterial thrombosis has been
performed. According to the results, VWF could be a causal mediator of arterial throm-
botic events, and further research is justified [72].

In GWAS the ABO blood type locus has been reported to be an important genetic
determinant of venous and arterial thrombosis. Sode et al. showed that the ABO blood
type had an additive effect on the risk of venous thromboembolism when combined with
factor V Leiden R506Q and prothrombin G20210A mutations; blood type was the most
important risk factor for venous thromboembolism in the general population [73].

While the contribution of the FV 506R > Q mutation to the risk of venous thrombosis
has been shown in many studies, its role in patients with cardiovascular or cerebrovascu-
lar thrombosis has not yet been proven. As reported by Lalouschek et al., FV Leiden only
confers a significantly increased risk for stroke in female smokers (OR 8.8; P = 0.004). No
interaction between the mutation, smoking, and risk of stroke was observed in men [74].

As pointed out before, the genetic predisposition to deep vein thrombosis (DVT) is only
partially explained by known genetic risk variants. High-throughput genotyping and
sequencing technologies allow the identification of several new genetic variants. It seems
that the ADAMTS13 and VWF genes also contribute to DVT. An investigation of 186 hae-
mostatic/pro-inflammatory genes by NGS identified rare (frequency of <1%) and low-
frequency (<5%) non-synonymous variants in ADAMTSI13 as risk factors for DVT. The
mutations were associated with lower plasma levels of ADAMTS-13 activity [75]. As men-
tioned above, 17 other genes were confirmed to contain genetic variations associated with
VT risk: ABO, F2, F5, F9, F11, FGG, GP6, KNGI, PROC, PROCR, PROSI, SERPINCI,
SLC44A2, STXBP5, THBD, TSPAN15, and VWEF. However, the common polymorphisms in
these genes account only for a modest part (~5%) of the VT heritability (8 Table 12.5) [46].

Already in 2007, Knowles et al. tested 21 SNPs in coagulation factor and platelet glyco-
protein genes and evaluated their association with MI in the ADVANCE study population
[76]. They did not find significant associations of the chosen polymorphisms with acute
MI. However, they did not test, e.g. the 4G/5G polymorphism in PAI-1 (rs1799889), which
had been associated with MI. In a recent meta-analysis, the highest quantile of the blood
PAI-1 level was associated with higher CHD risk compared to the lowest quantile. A
Mendelian randomization analyses suggested a causal effect of increased PAI-1 level on
CHD risk possibly mediated by a causal effect of PAI-1 on elevation of blood glucose and
high-density lipoprotein cholesterol [77]. Recent advances in the field of multifactorial
genetics, in particular GWASs and their meta-analyses, now provide the statistical power
to identify and replicate many previously discovered genetic variants [78].

I could not discuss all known genetic risk factors for vascular diseases. However, I
wanted to list some SNPs in genes of the haemostatic system for which the functional
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effects are known (8 Table 12.3). The application of NGS to vascular diseases is still lim-
ited by considerable computational burden associated with the analysis of the large num-
bers of samples. The identification of rare loss-of-function variants in genes such as
PCSK9, NPCIL1, APOC3, and APOAS5, which cause a decreased risk of CHD and no
adverse side effects, illustrates the necessity of translating genetic findings into mechanis-
tic information.

12.5 Hypertension and Vascular Dysfunction

It has long been known that elevated blood pressure (BP) is an important risk factor for
stroke and ischemic heart disease. Pathophysiology and molecular mechanisms involved
in hypertension regulation are not very well known. Recently, NGS technology has identi-
fied hundreds of gene loci associated with cardiovascular pathologies, including blood
pressure (BP) regulation. Expectations grew that new pathways and genetic mechanisms
underlying BP regulation would be identified by these new technologies. Fewer than half
the people affected with hypertension are aware of their condition, many others are aware
but either not treated or inadequately treated, although it has been shown that successful
treatment of hypertension reduces the global burden of disease and mortality [101].
Hypertension represents a serious health burden with nine million people dying as a con-
sequence of hypertension-related complications. Elevated blood pressure is a complex
trait caused by multifactorial genetic inheritance together with environmental factors
[102]. The heritability of blood pressure (BP) is estimated to be 30-50%, and several genes
with large effects have been identified in familial forms of hypertension [103]. To identify
the common relevant biomarkers, studies of patients with hypertension have to comprise
accurate standardized blood pressure (BP) measurement, assessment of the patients’” pre-
dicted risk of atherosclerotic CVD, detection of secondary causes of hypertension, as well
as the presence of comorbidities (e.g. kidney disease). A number of GWA studies were
performed with the aim to identify genetic variants affecting BP levels. This approach led
to the identification of multiple genetic variants which explain only 2-3% of the genetic
variance of hypertension. Presumably, some variants are too rare to be detected by
GWAS. NGS facilitated the discovery of additional causative variants. Undoubtedly, there
is a need for replication studies within larger consortia to better understand the functional
effects of the new genes and to learn how they might be used in patient care [104]. Today,
it is well accepted that systemic arterial hypertension is a modifiable risk factor for all-
cause morbidity and mortality of cardiovascular disease (CVD). In spite of some positive
results by NGS, research on the genetics of hypertension has been disappointing.
Genotyping tens of thousands of individuals and meta-analysing dozens of cross-sec-
tional, population-based studies on systolic and diastolic blood pressure (BP) showed that
hypertension is influenced by environmental and lifestyle factors as well as by many
genetic loci, each of which has only a small effect on blood pressure regulation. Even
though high-throughput genomic technologies have identified many SNPs involved in BP
regulation, only some of them have been replicated and validated. Forty-seven distinct
genetic variants were found to be robustly associated with BP, but collectively they explain
only a few percent of the heritability for BP phenotypes. Polymorphisms in the following
genes could be replicated: LSP1, TNNT3, MTHFR, NPPB, AGT, and ATP2B1. It is known
that the Val/Val (6771T) MTHEFR genotype leads to higher plasma homocysteine levels.
According to recent data, MTHFR 677TT appears to be independently associated with
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hypertension. If prospective trials can confirm that the MTHFR mutation conveys a pre-
disposition to hypertension which can be corrected by low-dose riboflavin, the findings
could have important implications for the management of hypertension [105]. A meta-
analysis of 11 studies reported loci in 130 genes of which some were repeatedly identified:
STK39, CYP17A1, MTHFR-NPPA, MTHFR-NPPB, ATP2B1, CSK, ZNF652, UMOD,
CACNB2, PLEKHA7, SH2B3, TBX3-TBX5, ULK4, ULK3, CYPIA2, NT5C2, PLCD3,
ATXN2, and HFE. Unfortunately, only two genes, WNK4 and BDKRB2, overlapped
between genetic and epigenetic studies [106]. For these two genes, the functional effect on
blood pressure could be proven. WNK4 could be shown to be involved in the regulation
of the renal NaCl cotransporter, the major salt transport pathway. For the bradykinin B2
receptor BDKRB2, several studies have reported that polymorphisms in this gene are asso-
ciated with transcription of the receptor and an association with the risk of hypertension
was substantiated by meta-analyses.

It was interesting to find an association between a common SNP in the PAI-1 gene and
hypertension [107]. Impaired fibrinolytic function, characterized by increased PAI-1 lev-
els and decreased tissue plasminogen activator (tPA) activity, has been detected in patients
with hypertension. Data from the literature indicate that antihypertensive drugs vary in
their influence on fibrinolysis. Angiotensin-converting enzyme inhibitors (ACE-I) have
been shown to improve the fibrinolytic balance by reducing plasma PAI-1 levels, while
calcium channel blockers (CCB) have been reported to increase tPA activity. The positive
effect of ACE-I on the fibrinolytic system has been related to: (1) inhibition of angiotensin
I1, which stimulates PAI-1 expression; (2) inhibition of degradation of bradykinin, a
potent stimulus for tPA production; and (3) improvement of insulin sensitivity.

In a Japanese association study, selected candidate gene variants were evaluated for
genetic associations with systolic BP (SBP)/diastolic BP (DBP) in 19,426 individuals.
Associations with ACE, ADD1, ADRB2, AGT, CYP11B2, GNB3, and NOS3 were tested. BP
trait associations at two loci (AGT rs699 and CYPI11B2 rs1799998) were confirmed. The
most significant association was found for CYP11B2 rs1799998. This study provides evi-
dence for two variants in genes with clinical and physiological relevance that are likely to
account in part for BP variance in the general population and are worth following up via
a target gene approach [108].

12.6 Obesity and Type 2 Diabetes

Obesity is a complex and multifactorial disease that occurs as a result of the interaction
between environmental factors and genetic components. Genetic susceptibility appears to
determine the individual risk to develop obesity by more than 40% [109]. The search for
genetic variations, which, combined with environmental factors, give rise to pathologically
relevant BMI levels, was initially hypothesis driven. Candidate gene studies revealed a
small number of relevant genes and causative gene variants, which were robustly associated
with obesity and provided the basis for rare, monogenic forms of the disease. The causal
genes for monogenic obesity could be confirmed using animal models and linkage studies.
But these approaches were not helpful for polygenic obesity. Also for obesity research,
GWA approaches and NGS have brought a breakthrough with the discovery of genetic
variants and tens of new susceptibility loci. The use of exome genotyping arrays and deep
sequencing of candidate loci helped to identify rare variants that may be important [110].
In a previous review, it was reported that candidate genes and GWAS have led to the
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discovery of 58 loci contributing to polygenic obesity. These loci explain only a small frac-
tion of the heritability for obesity, and many genes remain to be discovered. Some genes are
involved in the regulation of food intake. Furthermore, genes predisposing to obesity are
participating in the control of energy balance. Interestingly, it has been shown that there is
a partial overlap between monogenic and polygenic forms of obesity [111]. Several studies
reported that the Fat Mass and Obesity Associated (FTO) gene is the major contributor to
polygenic obesity. The predisposing FTO variant was associated with increased total and fat
dietary intake as well as diminished satiety and/or increased feeling of hunger in children
and adults [112, 113]. Nevertheless, heterozygous loss-of-function mutations in FTO are
found in both lean and obese subjects. This indicates that mutations in susceptibility genes,
although causing defined cellular dysfunctions, can give rise to multiple phenotypes (in
combination with secondary risk factors). This overlap in genetic basis of disease can create
combined phenotypes representing a malign constellation of multiple “cardiometabolic”
risk factors specifically regarding the “metabolic syndrome” [114]. Indeed, the FTO gene
was also associated with type 2 diabetes (T2DM). It codes for an approx. 60kD 2-oxogluta-
rate-dependent nucleic acid demethylase. Despite the known strong impact of FTO poly-
morphisms on obesity, the underlying molecular mechanism is still not well understood.
Recent attempts to unravel the functional coupling of FTO to cellular signalling pathways
revealed a potential linkage to neuronal plasticity [115]. So far, this neuronal mechanism is
rather speculative and needs confirmation by further functional studies. FTO has been
suggested as common risk determinant for both obesity and T2DM, and linkage of FTO
expression to insulin resistance has been reported [116, 117]. Another interesting aspect is
the impact of FTO risk alleles on physical activity. Physical activity may specifically attenu-
ate the obesity risk in A-allele carriers of the FTO rs9939609 genotype [118].

— Take-Home Message

Although our knowledge is still far from being complete, it is clear that genetic
research is necessary and important for the better understanding of the
pathomechanisms of vascular diseases and the identification of potential therapeutic
targets. Data from candidate gene studies, GWAS, and sequencing experiments have
to be carefully analysed to identify the potential candidates for therapeutic
approaches. Many results showed that it is now absolutely necessary to perform
functional studies to translate the genetic findings into clinical practice.
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Animal Models in Cardiovascular Biology

What You Will Learn from This Chapter

Animal models have significantly contributed to our understanding of vascular biology and
cardiac function over the last century. In fact, pioneering experimental models such as the
isolated heart preparation according to Oskar Langendorff have paved the grounds for
modern physiology of the heart [1]. Similarly, with the help of experiments on the myo-
graph, nitric oxide (NO) was discovered and introduced into modern vascular biology [2].
According to a survey of living Nobel laureates, 97% responded that animal experiments
have been vital to the discovery and development of many advances in physiology and
medicine, and 92% felt strongly that animal models are still crucial to the investigations and
developments of many medical treatments [3].

This chapter will focus on a general description of what an animal model is and what are
the legal requirements to perform animal experiments. In short, a history of animal used in
biomedical research will be presented. Finally, we will present the most commonly used
small and large animal models in cardiovascular biology. It is important to stress that the
chapter will direct its attention on the use of vertebrate animals only.

13.1 WhatIs an Animal Model?

Already in 1620 Francis Bacon proposed a process of scientific discovery based on a col-
lection of observations, followed by a systematic evaluation of these observations in an
effort to demonstrate their truthfulness. Thereby he set the tenets for modern hypothesis-
driven research [4]. It can be argued that hypothesis testing is an inefficient mechanism
for discovery — however, it generally produces meaningful and most important reproduc-
ible results and therefore is a cornerstone of modern science.

There are many types of different models in biomedical research, e.g., in vitro assays,
computer simulation, mathematical models, and animal models. In general, every model
serves as a surrogate and is not necessarily identical to the subject being modeled. We
assume in this chapter that the human biological system is the subject being modeled. In
general, animals may model one process to another (analogous processes) or reflect the
counterpart of a genetic sequence (homologous processes). While the first does not caus-
ally link genotype to phenotype, the second does. The most widely used homologous model
is the genetically manipulated mouse. Another useful concept in modeling concerns one-
to-one modeling versus many-to-many modeling. In the first the model is reflecting a
similar phenotype to that which is being modeled. Examples of one-to-one modeling
include many infectious and monogenetic diseases. In contrast, many-to-many modeling
results from a process in an organism at different level, e.g., subcellular, cell, tissue, organ,
or system. Examples of many-to-many modeling include complex diseases such as cancer,
obesity, cardiovascular disease, etc. Most of these are polygenetic with environmental
influences. Therefore, the many-to-many model is more commonly used and requires the
use of multiple model systems including computational modeling and in vitro and in vivo
modeling followed by population-based studies. The high-throughput techniques such as
next-generation sequencing and omics technologies will further facilitate this process.

On the following pages, animal models will be classified as spontaneous or induced.
Spontaneous models may be normal animals with phenotypic similarities to those of
humans or abnormal members of a species that arise through spontaneous mutations. In
contrast, animals submitted to surgical, genetic, chemical, X-ray, or other manipulations
resulting in an alteration to their normal physiology are induced models.

13
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13.2 What Are the Legal Requirements to Perform
an Animal Experiment?

Our current concept of animal experiments is based on the fundamental work of
W.M.S. Russel and R.L. Burch from 1959 with the inspiring title The Principles of Humane
Experimental Technique [5]. In this small book, the authors define what is today the inte-
gral part of all national and international directives or laws dedicated to animal experi-
ments: the 3R principles replace, reduce, refine [6]. Each European country had to follow
this directive and implemented national laws [7]. They describe in detail what type of
animal experiments is allowed and which is not. They also clarify the requirements for
persons who want to perform animal experiments and who want to breed or house ani-
mals. The prerequisite for starting experiments is the submission of a respective research
proposal to the local or institutional animal welfare commission. This proposal should be
hypothesis-driven, describing the state-of-the-art status of the respective scientific prob-
lem, and give detailed information about experimental procedure and severity of burden
to the animals. After permission the experiments can be started at a certified institution.
Recently, the 3Rs have been expanded by a 4th R representing respect. This indicates that
our ethical position is further developing toward empathy for our mammalian cousins [8],
devoting their lives for ours.

13.3 Short History of Animal Experiments [9]

Domestication goes back to the Neolithic revolution and includes buffalo, cattle, sheep,
and dog. The first scientific approaches were made in ancient Greece. In a climate of
scepticism, all natural phenomena were questioned and not explained by mysticism and
demonology any more. Lighthouses such as Plato, Aristotle, and Hippocrates paved the
way for modern philosophy and medicine. In 304 BC the anatomist Erasistratus observed
the relation between food intake and weight gain in birds. Galen in the second-century
AD showed that arteries contain blood. He was among those physicians, who carried out
careful anatomical dissections of animals and humans. The information gained was
remarkably precise and described the anatomical conditions of the, e.g., eye and the
optic nerve and its connection to the brain. For centuries these observations have been
unparalleled.

The Greeks and Romans used this information also in medical schools and trained
skilled doctors and surgeons (who were not considered doctors at that time) for civil and
military purposes. With the decline of the Roman Empire, also this knowledge disap-
peared, was kept alive only in the Islamic world, and found back to Europe via Salerno and
its medical school in the tenth century. However, dissections of human corps were forbid-
den until the thirteenth century. Instead animals were dissected, and it is therefore no
wonder that Leonardo da Vinci’s drawings of the heart show not a human but the heart of
an ox.

With the age of enlightenment, medical science made a tremendous step forward. In
part because parallel to medicine, new technical developments such as the invention of the
microscope by Leeuwenhoek went hand in hand. Using his sophisticated instruments, he
was able to confirm what Malpighi had described earlier, the circulation of red blood cells
in the rabbits’ ear. Also W. Harvey’s description of the circulation of blood in 1628 was
based on experimental work in animals. By the middle of the eighteenth century, Priestly
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had discovered that the life-promoting constituent of air was oxygen. Hales made the first
recordings of blood pressure in a horse in 1733. Crawford was the first to measure the
metabolic heat of an animal using water calorimetry in 1788. In 1815 Laennec had devel-
oped the stethoscope using animals.

The nineteenth-century developments in medicine can be summarized as a common
fight against infections. The French scientist Louis Pasteur was the first to realize that
microscopic particles, he called them vibrions, were the cause of a fatal disease in silk-
worms. By eliminating these vibrions, he cured the worms. Consequently, he started to
look for other causative agents to proof his germ theory of disease. By isolating these
agents and processing them with high temperature, he was able to show that reinjection
of these attenuated organism would protect against the disease. Pasteur referred to this
process as vaccination in homage to the English surgeon Edward Jenner, who discovered
that injection of matter from cowpox lesions into humans protects against smallpox. In
Germany, Robert Koch developed in vitro culture of bacteria, thereby reducing the
number of animals for research. His postulates that a specific agent is responsible for a
specific disease are still valid and led Koch to the discovery of the Mycobacterium tuber-
culosis. As a consequence, he developed tuberculin to identify infected animals and
people.

For our current understanding of biomedical developments, two other important dis-
coveries are at least as important. In 1859, the English naturalist Ch. Darwin published On
the Origin of Species, in which he hypothesized that all life evolves by selection of traits that
give one species an advantage over the other. This hypothesis stands behind the current
understanding that fish and reptiles are common ancestors of birds and mammals or in
the words of E. Haeckel from 1866 that the ontogenesis displays the phylogenesis. In the
same year, G. Mendel demonstrated that specific traits are inherited in a predictable way.
This was the birthday of modern genetics.

At the beginning of the twentieth century, the genetic code was still not known.
Researchers such as A. Kossel discovered the nucleic acids in salmon sperm and human
leukocytes. Later P. Levine discovered the nucleotides before J. Watson and F. Crick were
able to describe the double helix structure of DNA.

13.4 Surgically Induced Cardiac Small Animal Models

The understanding of various human pathologies and their treatment has developed over
the past decades. One of the most powerful reasons for that progress was the upcoming
use of animal models copying human syndromes [10]. In cardiovascular research, animal
models of acute or chronic myocardial infarction, cardiac hypertrophy, and heart failure
are very common, but also futuristic interventions like heterotrophic heart transplanta-
tions can be performed [10]. Therefore, different small rodents or mammalians are com-
monly used, like mice, rats, guinea pigs, hamsters, and rabbits [10]. From anatomical and
physiological view, each species has its pros and cons, but this way of research is the most
comparable one to human settings. About 90% of genes and many organs like the heart,
lungs, brain, or liver are shared between humans and mammalians [11]. Via genetic mod-
ification it is even possible to mimic human conditions even closer. Depending on the
scientific issue of interest and research, it is necessary to replicate human diseases in detail.
For that reason, there are multiple surgical procedures and techniques to achieve compa-
rable results.
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For detailed descriptions, see also the reviews by Patten et al. in 2009, Zaragoza et al.
in 2011, Ramzy et al. in 2005, and Camacho et al. in 2016 [12-15].

13.4.1 Myocardial Infarction: Acute Mi

(Acute) MI is still the no. 1 contributor to mortality and morbidity worldwide [16].
Although therapies and drugs are improving, further research needs to be done to find
treatments against subsequent events like restenosis, remodeling of the myocardium,
heart failure, or even death [17]. Surgical models are commonly used and are not limited
to a special species. Mice, hamster, guinea pigs, rats, and even rabbits are applied. The
largest number of interventions is performed in rats but also mice; even neonates are
popular [10, 15].

By inducing an ischemic injury to the myocardium using surgical occlusion of a coro-
nary vessel, with or without following reperfusion, it is possible to mimic acute MI [18,
19]. Therefore, the chest and pericardium are opened. Then the left anterior descending
artery [20] is identified and either ligated permanently (developing chronic MI, leading to
HF) or temporarily (mimic an acute infarction with subsequent reperfusion) using a tour-
niquet. This procedure allows to evaluate inflammation, fibrosis, degradation of ECM,
apoptosis, as well as necrosis and remodeling after MI [15]. Pfeffer et al. was one of the first
who established this model to show the correlation of infarction size, LV chamber dimen-
sions, and LV function [19]. A pitfall or limitation of this model is the variability of the
coronary vessels in mice [15, 21]. While an ischemia without reperfusion is a good oppor-
tunity to learn more about pathological mechanisms of anaerobic conditions and their
treatment, a setting with subsequent reperfusion presents a chance to get a better under-
standing of reoxygenation and reperfusion injury.

13.4.2 Heart Failure (HF) and Chronic Ml

Worldwide, the number of patients presenting HF is about 26 millions, but due to the
improvement of treatments and drugs, incidence will be stable, while prevalence is
increasing due to higher age and comorbidities of the patients [22]. Therefore, new strate-
gies and therapeutic approaches need to be evaluated. This model is similar to the acute
MI model. Rats and mice are the most common used species. As explained above a chronic
myocardial infarction is achieved by a permanent ligation of the coronary artery without
subsequent reperfusion. This leads to a distinct fibrosis and scar tissue, inflammation, and
loss of contractility, resulting in structural, hemodynamic, and molecular changes of the
ventricle. A stable phase of scar formation is reached after about 2-3 weeks [23].

13.43 Cardiac Hypertrophy and Hypertension

In 2015, 1.13 billion people were suffering from hypertension worldwide. Hypertension
often leads to other cardiovascular diseases such as cardiac hypertrophy and finally to
heart failure. Animal models are commonly performed in mice and rats. There are various
surgical techniques to induce pressure overload, respectively arterial hypertension and
to achieve cardiac hypertrophy [12]. Rockman et al. introduced the so-called transverse
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aortic constriction (TAV) in mice, and Litwin et al. first described a procedure called
ascending aortic banding (AAB) in rats [24, 25]. Both of these procedures were performed
to obtain a constriction of the aorta, in different sections, mimicking an aortic valve ste-
nosis (LV outflow narrowing) or an increase of afterload, resulting in hypertrophy of the
LV and arterial hypertension. A ligation is tied around the aorta and a standardized 27G
cannula and fixed with knots. The cannula is removed quickly and so a uniform stenosis
is achieved in all animals.

In the so-called debanding - procedure describing the removal of the constricting
ligature after a defined time - the reverse remodeling can be modeled [26].

13.4.4 Heterotopic Heart Transplantation (HTX)

HTX is a standard surgical procedure of terminal HE. According to the Global Observatory
on Donation and Transplantation (GODT), there were about 7000 heart transplantations
in 2015 worldwide - number increasing [27]. Although this treatment improves con-
stantly and shows improving survival rates, many underlying mechanisms of immune
rejection response or tolerance, cardiac allograft injury, and post-HTX infections are not
fully understood yet [28]. Therefore, mice models are mostly common to mimic the clini-
cal situation. First techniques were published by Drs. Corry and Russell in 1973 [29, 30].
Due to better understanding of patho-mechanisms and new opportunities as knockout
mice, the interventions have been modified and improved as well [31]. The heart is trans-
planted heterotopically either into the abdomen of the mouse or rat. The donor heart is
anastomosed with the abdominal aorta and the inferior vena cava [31]. This is technically
extremely challenging. Alternatively, the heterotopic transplantation can also be per-
formed to the cervical vessels. In this case, the aorta and the main pulmonary artery of the
donor were connected to the external jugular vein and common carotid artery of the
recipient [32].

13.4.5 Conditioning Models

Despite improvements in medical therapy, acute myocardial infarction (MI) remains a
major health problem worldwide with an incidence in Austria of 300 myocardial infarc-
tions per 100.000 inhabitants per year [33]. Rapid restoration of coronary blood flow by
means of either primary percutaneous intervention or thrombolysis is standard treatment
for patients with acute ST-elevation myocardial infarction. However, reperfusion of the
jeopardized myocardium results in a cascade of harmful events, referred to as myocardial
ischemia reperfusion injury, which largely contribute for the development of congestive
heart failure [34]. Thus, there is an emerging need to identify clinically feasible and
cost-effective therapeutic approaches to limit myocardial IRI and improve cardiac func-
tion in patients with ML

13.4.5.1 Local and Remote Ischemic Conditioning

In 1986 Murry et al. [35] first demonstrated that multiple brief episodes of IR (usually
5 min) applied on the left anterior descending coronary artery in dogs prior to the sus-
tained more prolonged coronary artery occlusion protected the heart against IRI. This
phenomenon is termed ischemic preconditioning (IPC). Later, the conditioning concept
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moved toward to postconditioning (IPOSTC), which refers to the ability of a series of brief
occlusions of either the coronary arterial circulation after a severe ischemic insult to pro-
tect against ischemic reperfusion injury of the myocardium [36]. In the following years,
IPOSTC was further enhanced by developing the idea that the conditioning stimulus
could also be applied to a distant organ or tissue, which is called remote ischemic condi-
tioning (RIC) [37]. Remote ischemic conditioning, defined as nonlethal IR insult in distal
organs or site (forearm, hind limb), protects the heart against the subsequent acute myo-
cardial IR injury as well as reduced infarct size. The efficacy of RIC on reduction myocar-
dial infarct size and increase myocardial salvage in humans was demonstrated in a
pioneering study [38]. The mechanisms underlying ischemic conditioning have not been
completely elucidated. Considerable progress has been made toward the identification of
potential triggers, intracellular signaling pathways, and end effectors involved in ischemic
conditioning. There are numbers of studies suggesting the potential role for endogenous
paracrine mediators (adenosine, acetylcholine, bradykinin, endothelin, opioids, and reac-
tive oxygen species), released during the brief period of IR and acting on receptors, as
triggers of the cardioprotective effects of ischemic conditioning [39].

In clinical scenario, effect of remote ischemic preconditioning on clinical outcomes in
patients undergoing coronary artery bypass graft surgery (ERICCA) phase III clinical trial
including 1612 patients failed to prove evidence of the cardioprotective efficacy of RIC [40].
In another recent randomized controlled trial including 516 patients confirmed the cardio-
protective effect of RIC in patients with ST-elevation MI, supporting the clinically useful-
ness of RIC [41]. Therefore, RIC should be considered a potential therapeutic strategy for
limiting MI size and adverse left ventricular remodeling in patients with MI. However fur-
ther studies are warranted to prove its cardiac and vascular protective efficacy.

13.5 Diet-Induced Cardiac Small Animal Models

13.5.1 The Dahl Salt-Sensitive and Salt-Resistant Rat

The Dahl salt-sensitive (DS) rat is an established experimental model of hypertrophy [42].
Since the DSl rat has a mutation of the alphal-Na-K-ATPase, sodium excretion from the
myocytes is impaired. DS rats develop hypertension with low renin and aldosterone levels
and compensated LVH. The Dahl salt-resistant (DR) rat develops neither hypertension nor
hypertrophy and serves as age- and sex-matched control group. To induce hypertension,
both strains have to be fed with high-salt diet (7.8% NaCl) and water ad libitum for 4 weeks
[43]. If rats are fed for more than 12 weeks, progression to heart failure can be observed.

13.6 Genetically Induced Cardiac Small Animal Models

In contrast to the high prevalence of atherosclerosis among humans, none of the common
wild-type laboratory rodent strains spontaneously develop atherosclerotic plaques even
when they are maintained on diets similar to those consumed by humans in western soci-
ety (high-fat western diet, 21% fat and 0.15% cholesterol); the normal chow of a mouse is
4.5% fat and 0.022% cholesterol. During the last decades, technologic advancement in the
genetic modifications in mice generated multiple models, which exhibit pathologic condi-
tions comparable to human cardiovascular disease, like the genesis of atherosclerotic
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lesions of mice lacking APO lipoprotein E or lacking low-density lipoprotein. In these
genetically modified animals, the gene of interest related to a specific physiological or
pathological question is overexpressed, silenced, or deleted [44]. Consequently, different
rodent strains are established as models for complex cardiovascular research. Despite the
generation of these new models, little is known about the physiologic cardiovascular con-
dition in mice or potential differences that may exist between strains of mice.

For example, the normal blood pressure (BP) and heart rate (HR) fluctuate throughout
the day. Mice are nocturnal active animals with a diurnal rhythm of BP and HR peak
values occurring during the middle of light and dark period. The reference level of heart-
beats per minute is set between 350 and 450 bpm during sleep and rises up to 750-800 bpm
after a placement in a different cage with the corresponding systolic pressure from 102 to
140 mmHg [45, 46].

The average plasma cholesterol level of wild-type mice on a regular mouse chow diet is
approximately 80 mg/dl, and most of this cholesterol is carried out by high-density lipo-
proteins, in contrast to humans, where LDL removes the plasma cholesterol.

13.6.1 The ApoE Knockout Mouse

The first models of atherosclerosis with a defective gene coding for apolipoprotein E were
developed by Nobuyo Maeda and Jan Breslow in 1992 [47-50]. ApoE plays a central role
in the lipoprotein metabolism and is required for the efficient receptor-mediated plasma
clearance of chylomicron remnants and VLDL remnant particles by the liver [51, 52]. The
lack of ApoE in the mutant mice results in an increased accumulation of cholesterol-
enriched remnant particles and an elevation of plasma cholesterol levels to about 400 mg/
dl even on a regular mouse chow. Most of the plasma cholesterol is found in the athero-
geniclipoprotein fractions, namely, the verylow-densitylipoprotein (VLDL), intermediate-
density lipoprotein (IDL), and low-density lipoprotein (LDL) fractions; this profile can
easily be aggraded by the use of a “western diet” [53]. The apoE-deficient mice spontane-
ously develop aortic arteriosclerotic plaques similar to those seen in humans [54, 55].

Despite the models for atherosclerosis like the ApoE mouse, there are models with a
targeted deletion of muscle protein to mimic cardiomyopathic diseases.

13.6.2 Muscle LIM Protein Knockout Mouse

One model is the muscle LIM protein (MLP) knockout mouse. Total deletion of the mus-
cle LIM protein in the MLP —/— mice led to the development of fatigue after postnatal day
5 in 50-70% of the young mice. All these mice die within 20-30 hours from the onset of
these symptoms [56]. The adult phenotype shows severe defects in cardiac function and
structure. This cardiac phenotype in the adult MLP-deficient mice reproduces the clinical
features of cardiomyopathy and heart failure in humans [12, 57, 58].

13.6.3 Muscular Dystrophy Mice, Rats, and Rabbits

The muscular dystrophies are rare diseases with progressive muscle weakness and
cycles of muscle necrosis [59]. Among the various dystrophy types, Duchenne muscular
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dystrophy (DMD) is a progressive, fatal, X-linked monogenic muscle disorder that results
in progressive muscle wasting and fibro-fatty replacement of muscle. Boys with DMD
(approximately 1:3500) usually show motor difficulties by early age of life (>6). Thereafter,
muscle weakness progresses and leaves patients wheelchair-bound by their teens. Death
usually occurs before DMD patients reach 40 years of age. The gene defect for DMD was
mapped to an X chromosome gene that encodes for the intracellular protein dystrophin.
Of importance, besides skeletal muscle degeneration, DMD is also often associated with
severe cardiovascular complications including cardiomyopathy development, cardiac
arrhythmias, and vascular dysfunctions [60]. Of importance, the incidence of cardiomy-
opathy in DMD patients surviving into their third decade is nearly 100%, which signifi-
cantly contributes to mortality and morbidity. A number of various approaches are being
taken for the development of targeted therapies for DMD disorders, with the aim of pre-
venting disease progression or reversing some of the disease-associated pathology.
However, compounds can be screened in cell and tissue cultures; the use of relevant ani-
mal models is key to understanding the potential efficacy of different DMD therapeutic
approaches.

Different small animal models have been extensively used to dissect disease mecha-
nisms of cardiac and skeletal muscle disorders in DMD and to test therapeutic strategies.
The most widely used animal model of DMD is the mdx mouse which has a nonsense
mutation in exon 23 of the Dmd gene [61]. In addition, several other strains with different
Dmd mutations, including a targeted deletion of exon 526, have been developed [61].
Furthermore, mdx mice have been crossed with utrophin knockout (KO) mice to produce
a double KO, which has a more severe dystrophic phenotype (within 8-10 weeks of age)
than the mdx mouse [62].

More recently, a novel rat model of DMD with a progression of cardiac and skeletal
muscle dysfunction has been demonstrated using TALENs targeting exon 23 [63].
Intriguingly, a recent study published a description of a rabbit model for DMD using a
CRISPR-Cas9 to target exon 51 of the Dmd gene to ablate dystrophin expression in a New
Zealand rabbit [63].

13.7 Surgically, Diet-, or Genetically Induced Cardiac Large
Animal Models

Large animal models provide the researcher with a more similar anatomical and physio-
logical testing platform compared to rodents. Heart rate, adrenergic receptor ratios, oxy-
gen consumption, and response to loss of regulatory proteins in mice were found to be
different to humans as well as the contractile protein expression [64, 65].

13.7.1 Myocardial Infarction and Ischemic Cardiomyopathy

13.7.1.1 Coronary Artery Ligation

Coronary artery ligation models can be useful to study the resulting myocardial infarction
as well as heart failure mechanisms secondary to ischemic cardiomyopathy. Ischemic/
reperfusion lesions can be applied using a suture around the coronary artery that is
fixed with a tourniquet and released after a defined protocol. The first ligation model was
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established in dogs [66] and was used to study different drug therapies in ischemic dilated
cardiomyopathy. The downside of the dog ligation models is the abundance of collateral
coronary network resulting in a small and non-reproductible infarct size on top of the
high mortality rate of more than 50 due to arrhythmias during the acute phase.

A dilated ischemic cardiomyopathy was established in dogs by repetitive microembo-
lization over 10 weeks [67] and was used to explore different medical regiments for heart
failure as well as the neurohormonal activation in this setting.

Although canine models were the first to be used for preclinical testing, their limita-
tions because of the collateral network encouraged exploration of other species like pigs
and sheep.

Besides open chest animal models (surgical models), catheter-based models started to
slowly be used. These models are more convenient because they are less invasive and allow
reoperation of the animals to test devices without facing adherence complications as seen
in open chest models.

Total occlusion of the coronary arteries was achieved by either coil deployment [68],
autothrombus injection, microsphere embolization [69], or ethanol injection [70].
Ischemic/reperfusion injuries were established by inflating a balloon for 30-90 minutes
then retrieving it [71].

13.7.1.2 Hydraulic Occluder and Ameroid Constrictor

They are used in larger animals allowing for complete or partial occlusion of coronary
arteries. These models allow to study myocardial infarction as well as hibernating myocar-
dium. They are used as well for heart failure studies given the ischemic cardiomyopathy
that they result in [20, 72].

13.7.1.3 Atherosclerosis

Reproduction of atherosclerosis in large animals was tempted in pigs. Although these
models were more suitable to study coronary lesions rather than ischemic myocardial
dysfunction because of the long time needed to develop a plaque big enough to produce a
hemodynamically significant stenosis, pigs and nonhuman primates also share similar
characteristics of lipoprotein metabolism including cholesterol distributions and enzy-
matic activities. Furthermore they are more comparable to humans as both pigs and non-
human primates are omnivorous and diurnal. Elderly farm pigs and nonhuman primates
even develop spontaneous atherosclerosis [73, 74], but for ethical issue, nonhuman pri-
mates are restricted.

13.7.2 Muscular Dystrophy in Large Animals

The pig and dog are an attractive option for translational studies, as they have a very
similar size and anatomy to humans and could thus be a valuable test of potential prob-
lems when scaling up a therapy first tested in mice before translating it for use in humans.
There are numerous studies describing genetically modified pigs (delete exon 52 of the
porcine Dmd gene) and dogs (mutations of Dmd gene were identified in golden retriever)
to better understand the disease mechanism of DMD [63]. However, large animal such as
pig with DMD dies prematurely, often in the first week of life, and survival appears to
largely depend on the level of utrophin expression.
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13.7.3 Valvular Heart Disease

13.7.3.1 Mitral Regurgitation

Although spontaneous myxomatous mitral regurgitation can be used for mechanistic
insights like in dogs [75], different provoked mitral regurgitation models were established.
Chordae tendineae rupture was used either surgically or percutaneously to produce a pri-
mary mitral regurgitation [76-78]. Other models used another approach which consisted
of creating a hole in the mitral leaflet [79]. Ischemic mitral regurgitation was also achieved
by occluding marginal [80] branches in an ovine model. A combination of both mecha-
nisms has been established in an ovine model, where chordal cutting and ameroid con-
strictor was placed on the marginal branches resulting in a severe heart failure model both
ischemic and volume overload reproducing [81].

13.7.3.2 Aortic Stenosis

Besides high-fat diet model, other aortic stenosis models were attempted. Under cardiopul-
monary bypass aortic valve annulus and leaflets were injected with cyanoacrylate to create
an acute aortic stenosis in minipigs [82]. A supravalvular stenosis mimicked by a banding
surgery was established [83] in order to study the effect of an ejection obstacle on the left
ventricle as a pressure overload model. Although this model does not represent an aortic
stenosis model stricto sensu, it allows to better understand the consequence of volume over-
load and identify the timing for surgery where the myocardium damage is still reversible.

13.8 Animal Models for Vascular Graft Testing
and Vein Graft Disease

Coronary artery disease (CAD) is one of the main causes of morbidity and mortality and
is predominantly induced by atherosclerotic changes of the supplying blood vessels of the
human heart [84]. Significant advances have been made in the last decades to immediately
restore the patency of obstructed coronary vessels utilizing catheter-based interventional
techniques. However, surgical revascularization using coronary artery bypass grafting
(CABG) is still mandatory when interventional therapy is not successful in the long term
or when multi-coronary vessels are diseased.

Autologous tissue is the preferred material for small diameter vessel reconstructions
because of low thrombogenicity and favorable biomechanical properties. In the clinics, vas-
cular substitutes derived from saphenous vein, internal thoracic artery, and radial artery are
currently applied to bypass diseased vascular segments of patients [85]. Grafts derived from
radial artery and internal thoracic artery show sufficient outcomes for coronary artery
bypass procedures with high patency rates of more than 90% after 10 years of implantation.
They are superior to vein grafts with an average patency of 50%. Vein grafts, which are the
most common bypass materials used, are often susceptible to thrombosis, atherosclerosis,
and intimal hyperplasia due to tissue injury during harvesting and after graft arterializa-
tion. The limited life expectancy of these grafts implies that patients must be intervention-
ally or surgically retreated. To improve the performance of venous replacement materials,
efforts have been made to understand the pathophysiological processes which lead to graft
failure in the acute, subacute, and late postoperative period [86]. Preclinical models are
therefore essential in mimicking the vasculature of human patients to provide new insights
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into vein graft disease and to evaluate new therapeutic strategies which increase long-term
patency [87]. In this regard, it has been shown that perioperative antiplatelet therapy is suc-
cessful to reduce thrombogenic events and that the process of atherosclerosis can be suc-
cessfully diminished by intensive lipid-lowering therapy. Different therapeutic tools have
been further evaluated in animals to prevent the development of intimal hyperplasia in vein
grafts, which is caused by the loss of the endothelial layer during harvesting and by the
remodeling process of the venous wall to resist high arterial pressures.

However, the autologous approach is often failing in coronary patients because of
insufficient vessel quality due to comorbidities or previous vessel harvesting. Clinically
available synthetic substitutes reveal inadequate in vivo performance because of innate
thrombogenicity and intimal hyperplasia development. Therefore, important efforts have
been made in designing new prosthetic vascular substitutes which should be equivalent to
autologous vessels. Tissue-engineered vascular grafts show potential to overcome the
limitations of synthetic artificial vascular grafts by matching the biological activity and
biomechanical properties of native vessels [88]. However, these conduits have not been
approved for routine use, and animals serving as nonhuman models are necessary to
assess the performance of the newly designed coronary bypass conduits [89].

Successful in vivo performance of bypass grafts in humans is often limited by three
main factors: the inability to endothelialize spontaneously prosthetic surfaces, the ten-
dency to hypercoagulability, and the development of neointimal hyperplasia. Animal
models, which shall mimic very closely the human patient, should reflect these limita-
tions. Further considerations, which are closely associated with the respective conduit, are
the localization of the implant and the length and diameter of the host vessel at the anas-
tomotic site. To depict the human situation, the blood flow at the implantation site should
be carefully considered for the evaluation of small-caliber coronary bypass grafts because
most of the implants in humans will be implanted in with low blood flow regions suscep-
tible to thrombotic events. Host vessels and coronary conduits should be matched closely
regarding their wall thickness and diameter. Trans-anastomotic endothelialization in ani-
mals is highly accelerated (up to more than ten times) when compared to humans.
Therefore, the length of the implant should be chosen appropriately to assess endothelial-
ization for the clinical application. Paired-site implantation with suitable controls should
be used for the evaluation of graft performance to exclude effects due to the variability
between recipients. Especially for the evaluation of tissue-engineered conduits including
human tissue, the immunogenicity of the host has to be carefully considered. Further
considerations concern the costs of the preclinical trial, the availability of the animal
model, and the compliance of the animals to different investigation procedures. Last but
not least ethical considerations regarding the relevant animal species are very important.

13.8.1 Small Rodents

Rats and mice are often used to simulate humane disease pathophysiology and screen poten-
tial medications and candidate materials. Genetically modified strains and immune-
incompetent animals are available, and the costs of experiments are low even when large
numbers of animals are used. However, small rodent models have limitations regarding their
size, life expectancy, and comparative cardiovascular physiology and hemostasis mechanisms.
Mouse models can be advantageous for the study of pathophysiologic mechanisms because
there are many genetically modified strains with targeted mutations in cardiovascular disease
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available. They develop atherosclerotic lesions, which are very similar to humans and can be
generated within a short period of time. Immune-deficient strains (scid, scid beige, nude
mice) are further favorable for the evaluation of human tissue containing designed tissue-
engineered conduits. The small vessel size of mice makes the insertion of conduits challeng-
ing. Rats are much more preferable than mice because of their greater body weight and larger
vessel size. They are physiologically and genetically more similar to humans than mice. Bypass
grafts have been implanted in both species into the aorta, carotid, or femoral artery.

13.8.2 Rabbits

The New Zealand White rabbit is often used in biomedical research because of reasonable
costs for purchase and maintenance. Models with heritable disease (hypercholesteremic
Watanabe rabbit) are available as in- and outbred strains. In healthy animals, hypercholes-
teremic status can be induced by feeding high cholesterol diets. However, the number of
genetically modified animals is low. The size of blood vessels of the rabbit is much more
appropriate for graft insertion than in small rodents, and comparative physiology regard-
ing hemostasis and endothelialization is more similar to humans than in rats and mice.
Grafts have been applied into the carotid artery, the femoral artery, and the aorta.

13.8.3 Large Animal Models

Large animal models like sheep, pigs, dogs, and nonhuman primates resemble closer
human vasculature anatomy and physiology and thus enable the implantation of appro-
priately sized vascular grafts. Sheep and nonhuman primates show greater similarity to
humans regarding their thrombogenicity mechanisms and endothelialization behavior.
Pigs and nonhuman primates have similarities with humans regarding their lipoprotein
metabolism and cholesterol levels. Large animal models with heritable disease or experi-
mentally induced pathologies are available to investigate implants under conditions which
are similar to human cardiovascular disease.

Dogs have been the most used animal model in cardiovascular research in the past.
Canines represent a more stringent model for vascular graft investigations due to their
lack of spontaneous endothelialization. They differ from humans in terms of thromboge-
nicity. Assessment of platelet aggregability is recommended previous beginning of the
study to involve animals with similar thrombocyte aggregation. Dogs have further a
potent fibrinolytic system. Canines provide a range of implantation sites with the possibil-
ity of paired prostheses evaluation and have appropriate vessels for large (aorta 8 mm) and
small diameter applications. Because of ethical considerations due to the companion sta-
tus of dogs, the use of dogs is decreasing.

Sheep and goat are appropriate models for cardiovascular research because anatomic
and hemodynamic conditions approximate the human situation. She