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Preface

According to the World Health Organization (WHO), the two main causes of death
in the world are directly related to cardiovascular system disorders, ischemic heart
disease, and stroke. Clinical evidence demonstrates the relevance of knowledge
about vascular biology, from molecular mechanisms to clinical applications.

This book includes chapters that describe mechanisms of vascular regulation,
pathophysiological evidence of vascular diseases, and some clinical application
microvascular surgery. Related to molecular mechanisms of regulation of vascular
function, the book is focused on nitric oxide signaling and the activity of potassium
channels. Both mechanisms are related to the function of the endothelial cells, a key
cell-type in the homeostasis of the vascular system. Also reviewed is the effect of
physical activity and insulin on endothelial function, as an essential physiological
factor to maintain the vascular health.

In relation to vascular diseases, the second section of the book covers the disease of
coronary arteries, mainly related with structural alteration, and also the alterations
of the vascular system in systemic sclerosis, an autoimmune disease that affects
several organs. This section includes two chapters related to vasculitis, which is the
inflammation of blood vessels. The first chapter focuses on the pathophysiology
and clinical characteristics and the second chapters describes the pharmacological
treatments.

The third section of the book is focused on the microvasculature, mainly centered
in the nail fold capillaroscopy, a simple, low-cost method that is extremely
important in the evaluation of patients with rheumatic spectrum diseases. Finally,
the last chapter presents a review of critical steps and recommendations for the
transplant of microvascular tissues for improvement of functional and aesthetic
results in microvascular surgery.

This book is an international effort of collaboration, with the purpose to create
an academic tool for students of medical sciences or people interested in learning
about vascular biology. I invite the readers to enjoy the chapters and contact the
authors in the case of needing more information.

Marcelo Gonzailez

Laboratorio de Investigacién Materno-Fetal (LIMaF),
Departamento de Obstetricia y Ginecologia,

Facultad de Medicina,

Universidad de Concepcién,

Chile
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Chapter1

Nitric Oxide and Oxidative
Stress-Mediated Cardiovascular
Functionality: From Molecular
Mechanism to Cardiovascular
Disease

Weilue He, Maria Paula Kwesiga, Eyerusalem Gebreyesus
and Sijia Liu

Abstract

The underlying pathology of most cardiovascular diseases (CVDs) such as
coronary artery disease, high blood pressure, and stroke involves decreased cardio-
vascular contractility and anatomic alterations in cardiovascular structures. Nitric
oxide (NO) regulates vascular tone and contractile function of myocardium and main-
tains blood vessel homeostasis. Interestingly, the effect of NO islike a double-edged
sword in the body. Insufficient NO causes hypertension and atherosclerosis, while
an overproduction of NO may foster inflammation and cause heart infarction and
shock. In addition, growing evidences have shown that oxidative stress plays pivotal
roles in the initiation and progression of CVDs. This chapter will discuss in detail
the roles NO plays in the cardiovascular system under both physiological and patho-
logical conditions. We will focus on: (1) the molecular mechanism of cardiovascular
contraction, (2) NO/Ca?*-induced muscle relaxation, (3) NO-related structural
change in blood vessels, and (4) redox balance in the cardiovascular system. The
relationships between these molecular mechanisms and the characteristics of CVDs
will be highlighted.

Keywords: cardiovascular diseases, muscle contraction and relaxation,
cytoskeleton, nitric oxide, nitroso-redox balance

1. Introduction

Cardiovascular diseases (CVDs), i.e., ischemic heart disease and stroke, remain
the leading cause of death in the past decades around the world, especially in the
developed countries [1]. CVDs can start from risk factors that may cause local vas-
cular lesion and end up with systematic complications, which lead to organ failure
and death. Thus, understanding the biochemistry of events involved in the whole
process of CVD progression is crucial to prevent and treat the disease.

Epidemiological data show that various factors are associated with the increase
of cardiovascular morbidity and mortality, including hypertension, smoking,
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hypercholesterolemia, diabetes mellitus, obesity, stress, low fruit and vegetable
dietary, lack of regular exercise, and abnormal sleep [2]. Current therapeutic strate-
gies mainly focus on reducing patients’ blood pressure, restoring redox balance,
controlling cholesterol, and implementing physical activity programs [3]. In this
chapter, we explore the physiological and pathological events in the cardiovascular
system from the molecular biology’s perspectives. Molecular mechanism of muscle
contraction and relaxation in the cardiovascular system will be discussed first.
Then, we will delve into the biological effects of Nobel Prize molecule nitric oxide
(NO), the most important vasodilator in the body. In addition, due to the inspiring
clinical outcomes of using isosorbide dinitrate (an NO stimulus) and hydralazine
(an antioxidant) to treat patients with symptomatic congestive heart failure [4], we
will also discuss how nitroso-redox balance mediates cardiovascular functions.

2. Muscle contraction and relaxation
2.1 Sliding filament theory

Skeletal, cardiac, and smooth muscles have different structures and regulatory
mechanisms, but they share the same molecular mechanism of contraction and
relaxation, i.e., the relative sliding between myofilaments [5]. To understand how
the heart beats and how blood vessels regulate their tones, it is important to look
into the subcellular structure of these tissues (Figure1).

Heartbeat relies on myofibrils, a fiber bundle structure that abounds in cardio-
myocyte (Figure 1c). When a number of myofibrils are highly aligned, sarcomere,
arepeat unit in the myofibril, can be observed under the microscope. Sarcomere
is the basic unit for motion. Two most important proteins in the sarcomere are:
myosin and actin. A myosin contains the N-terminal globular head domain, the
short neck domain, and the long C-terminal coiled-coil tail domain. The globular
head works as a specialized adenosine triphosphatase (ATPase), responsible for
adenosine triphosphate (ATP) binding, actin binding, and generating force from
ATP hydrolysis. The neck domain transduces force generated by the head. And the
fibrous tails are bundled together to form the thick filament (Figure 1g). Actin,
together with troponin and tropomyosin, forms the thin filament. When the two
fibers slide toward each other, the overlapped region increases, which is the mecha-
nism of muscle contraction. Similarly, when the fibers slide away from each other,
muscles relax (Figure le).

2.2 Cross-bridge cycling

The filament sliding depends on cross-bridge cycling [6]. A cross-bridge refers to
the two globular heads of myosin, which take turns to bind, pull, and detach from the
actin fiber to achieve relative movement between the filaments. An analogy is that a
person alternately uses two hands to pull a rope. One alteration of the hand is consid-
ered to be one cycle. There are four basic states [7] (sometimes detailed to six states
[8]) in cross-bridge cycling. Each state corresponds to one behavior of ATP and one
response of myosin. State 1: activation of myosin head, when ATP binds to myosin,
it is hydrolyzed to ADP and Pi (inorganic phosphate); myosin becomes the “cocked
position.” State 2: cross-bridge formation, the activated myosin binds to actin; Pi
is released to stabilize the binding. State 3: power stroke, ADP is released; myosin
generates force to pull actin filament. State 4: detachment of cross bridge, another
ATP binds to myosin; myosin disengages from actin; then State 1 is repeated. The
continuous cross-bridge cycling allows myosin to pull actin to its tail side, resulting in

1
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Figure 1.

Muscle contraction illustrated on different structural levels in the cardiovascular system: tissue level—heart (a)
and blood vessel (b); cell level—cardiomyocyte (c) and vascular smooth muscle cells (SMCs) (d); subcellular
level—filament sliding in cardiomyocyte (¢) and SMCs (f); and molecular level—thin and thick filament for
cross-bridge cycling (g).

filament sliding and muscle contraction. At the resting state, actin’s myosin-binding
site is blocked by troponin and tropomyosin [9] (Figure1g). A switch mechanism is
needed to expose and mask the myosin-binding site to regulate muscle contraction.
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Intracellular Ca** works as a secondary messenger that quickly bonds to tro-
ponin, causing a quick conformational change of troponin and tropomyosin [10].
Thus, the myosin-binding site on actin filaments is exposed, and cross-bridge
cycling proceeds. Intracellular Ca** concentration, or [Ca®*];, can return to a very
low level to cease the contraction and cause relaxation by different mechanisms,
such as extruding Ca®* out of cells or storing cytosolic Ca** into sarcoplasmic
reticulum (SR) which functions as the Ca®* reservoir in the cardiomyocyte. Similar
mechanisms exist in the vascular tissue. SMC layer lies in between the endothelium
layer and adventitia. There is no organized contractile protein fibril or sarcomere
structure in SMCs [11]. Instead, the contractile fibrous proteins along with other
intermediate filaments form bundles that are immobilized by anchoring proteins
onto cell cytoskeletons. These filaments distribute all over the cytoplasm and
connect each other through anchoring proteins (dense bodies) to form a three-
dimensional network (Figure 1d and f). Unlike in cardiac muscles, actin filament
in smooth muscles is associated with caldesmon, tropomyosin, and calmodulin
(CaM) [12]. CaM is an important Ca** sensing protein, which binds and mediates
many enzymes’ activities upon Ca’* signaling. Caldesmon binds to actin, which
inhibits the activity and motility of actin-myosin ATPase, and this binding is greatly
strengthened by tropomyosin [13]. Ca** binds and activates CaM to uncouple the
interaction between caldesmon and actin. Thus, actin’s myosin-binding sites are
exposed to myosins. Different from skeleton or cardiac tissues, the contraction in
smooth muscles also depends on phosphorylation level of myosin light chain, which
is adjusted by the enzyme activity of CaM-dependent myosin light chain kinase
(CaM-dependent MLCK) and myosin light chain phosphatase (MLCP) [14]. MLCK
adds the phosphoryl group to the myosin light chain, while MLCP removes it. Thus,
increase of [Ca”']; also facilitates muscle contraction through enhancing myosin
phosphorylation [15].

Cardiovascular contractility is crucial for blood pressure homeostasis, thermal
exchanging, mass transfer, immune responses, and organ functions [16]. Impaired
coronary artery contractility (caused by the block of blood vessel or poor dilation)
incurs ischemia heart disease [17]. To maintain cardiomyocyte viability and vascu-
lar tones, enhancing vasodilation and restricting oxidative stress are critical.

3. NO-related cardiovascular physiology
3.1 Biosynthesis of NO

The biochemical history of NO dates back to 1860s when the therapeutic use
of nitroglycerin became a prevalent treatment for angina and hypertension [18].
Consequent studies showed that relaxation of blood vessels depended on a molecule
present in an intact endothelium lining, which was named as endothelium-derived
relaxing factor (EDRF). In 1977, it was demonstrated that NO was the chemical
released from nitroglycerin metabolism [19], and EDRF was later identified to
be NO [20]. Since then, NO’s cardiovascular effect and medical applications have
drawn great research interest.

NO biosynthesis primarily relies on the enzyme nitric oxide synthase (NOS).
The reaction uses substrate L-arginine and oxygen to generate L-citrulline and
NO in the presence of the cofactors, including Ca**/CaM, reduced nicotinamide-
adenine-dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD),
flavin mononucleotide (FMN), and tetrahydrobiopterin (BHy4) [21].

NO is an excellent messenger molecule in the human body because it is a highly
reactive free radical and a highly diffusible molecule [22]. NO is able to react with
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various species, such as oxygen, superoxide, lipid oxygen radicals, thiols, and
metals [23], which is the biochemical base for NO signaling. The ultimate biological
effect of NO depends on its concentration, duration of release, and physiological
environment [24]. NO concentration varies from subnanomolar (cell survival
signaling) to micromolar (cytotoxic effect and apoptotic signaling) in the body
[25]. Its small size and lipophilic characteristic allows it to move rapidly across

cell membranes. However, NO’s effective distance is limited by its extremely high
reactivity with species like oxygen, superoxide, and hemoglobin [23]. NO concen-
tration decreases rapidly around the NO source, which makes NO’s effect extremely
localized (within hundreds pm).

Three different isoforms of NOS have been identified in the human body.
Endothelial NOS (eNOS) is mainly found in vascular endothelial cells (ECs) and is
involved in regulating vascular tone and blood clotting. It is also present in cardio-
myocytes where it mediates contractility of cardiac muscle [26]. Inducible NOS
(iNOS) predominates in immune cells to produce large amounts of NO that aids in
the host defense mechanisms. Examples include NO produced by macrophages and
neutrophils when induced by lipopolysaccharide, interferon-y, and tumor necrosis
factor alpha [24]. Neuronal NOS (nNOS) is mainly identified in nerve cells where
NO assists in nerve transmission. It has also been isolated from cardiomyocytes
where NO regulates excitation contraction coupling of cardiac muscles [27]. NO
generation by iNOS is mainly regulated at the transcription level, while eNOS and
nNOS are constitutive NOS isoforms whose activities are Ca®*- and CaM dependent.
Shear forces during blood flow stimulate the opening of Ca** channels on ECs to
increase [Ca**];, resulting in eNOS activation [28]. NO biosynthesis can be inhibited
by various chemicals that selectively bind to NOS with high affinities, such as N¢-
monomethyl L-arginine (L-NMMA) and asymmetric dimethyl L-arginine [9].

S-nitrosothiols and nitrite are alternative endogenous sources of
NO. S-nitrosothiols decompose to release NO under physiological pH and are
formed through the reaction of NO and thiol [29]. Nitrite can be reduced to NO in
the body through pathways involving reducing agents and proteins, such as ascorbic
acid, thiols, hemoglobin, and myoglobin [30]. These backup NO generation path-
ways are emphasized during hypoxia and acidosis when oxygen-dependent NOS-
mediated NO production is limited.

3.2 NO-cGMP pathway

Endogenous NO has various physiological effects in the body including inhibiting
platelet aggregation, regulating SMC proliferation, modulating immune response,
participating in neuron signal transmission, and inducing vasodilation [25]. In the
vascular system, NO is primarily generated by eNOS in ECs (Figure 2). Shear stresses
induced by blood flow and chemical stimuli, known as agonists including acetyl-
choline, bradykinin, adenosine triphosphate, estrogen, and vascular growth factors,
are able to activate eNOS [28, 31]. NO is a highly dynamic molecule that diffuses
fast in both aqueous and lipid environment (with diffusion coefficient D = 2.07-

3.30 x 107> cm®/s in water and polymer matrices [32-34] at physiologically relevant
temperatures). Thus, NO readily enters the SMCs and binds to the heme moiety of
soluble guanylyl cyclase (sGC) to activate sGC, probably the most important protein
target of NO. This binding causes the formation of a nitrosyl-heme complex, heme
conformational change, and breaking-apart of sGC His105 from heme iron [35].
Then, an open central core is formed in porphyrin, which can accept guanosine
triphosphate (GTP) to generate cyclic guanosine monophosphate (cGMP).

Cyclic-GMP binds and activates cGMP-dependent protein kinase (protein kinase
G, or PKG), which can phosphorylate the downstream targets to trigger vasodilation
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Figure 2.
Biosynthesis of NO by eNOS and the biological effects of NO in the vascular system.

(Figure 2). This signaling pathway can be terminated by removing cGMP through
converting cGMP to GMP by various phosphodiesterases (PDE) [35]. There are
many types of PDE in the human body, and they play critical roles in regulating
cardiovascular function, adrenal steroidogenesis, and phototransduction [35].

Interestingly, protein kinase A (PKA, cAMP-dependent protein kinase) and
PKG share very similar nucleotide binding domains. Many studies have shown that
cGMP can activate PKA downstream pathways and cAMP can also cross-activate
PKG [36]. This cross regulation between cGMP and cAMP pathways sometimes
complicates NO signaling, which will be shown later.

Due to NO’s vasodilation effect, NO releasing drugs such as organic nitrate, and
nitro- and nitroso compounds have been used for treating angina pectoris, conges-
tive heart failure damage from ischemia—reperfusion, and pulmonary hyperten-
sion [37, 38]. Potent drugs also include chemicals that target members involved in
NO-cGMP pathway. For example, Sildenafil, known as Viagra, is a PDES inhibitor.
It prohibits cGMP from being hydrolyzed by PDES5 and extends the activation time
of vasodilation to widen the blood vessel and increases blood flow into the penis to
treat erectile dysfunction [39].

3.3 NO-induced muscle relaxation through Ca* signaling

To fully understand how NO causes vasodilation, it is necessary to perceive the
relationship between NO-cGMP pathway and [Ca*];. At rest, extracellular Ca**
concentration is high (1-2 mM), while the cytosolic Ca?* is over 1000 times lower
(>1 pM) [40, 41]. In the endoplasmic reticulum (ER, or SR in cardiac muscles), Ca*
concentration is also high (about 400 pM) [40]. NO modulates [Ca*]; by control-
ling Ca®* exchange mechanisms on both cell and SR membranes.

3.3.1Ca’* exchange through plasma membrane

Voltage-gated Ca”* channels regulate [Ca*]; through sensing electrical signals
to allow Ca’* entering the cell. High voltage-activated L-type channels are broadly
found in the cardiovascular system. L-type Ca** channel inhibitors, such as dihy-
dropyridines, phenylalkylamines, and benzothiazepines, are a major class of drugs
for treating CVDs [42]. The opening probability of L-type Ca** channel can be
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lowered by PKG indirectly [43]. PKG phosphorylates the K* channel and increases
its opening probability to hyperpolarize the cell membrane [44, 45]. The hyper-
polarized cell membrane can no longer send electrical signals to activate the Ca**
channel, and therefore, Ca®* influx is inhibited. Besides PKG, high NO level also
directly activates K* channels to achieve aorta relaxation in a cGMP-independent
fashion [46].

Ca’* pumping ATPase located on the cell membrane also extrudes Ca** from the
cytosol. It binds Ca** with a high affinity and forces Ca** out of the cell even when
[Ca®];is very low to maintain the low [Ca*]; level at rest [47]. PKG can stimulate
the Ca®* pump, initiating the expulsion of cytosolic Ca** [48].

Unlike Ca** pump, Na*/Ca”* exchanger is more effective in quickly removing
cytosolic Ca**, but its Ca®* binding affinity is low [47]. This mechanism is crucial
for preventing cells from the cytotoxicity of an acute high Ca** concentration. The
driving force for Na*/Ca** exchanger is the stored sodium electrochemical gradient
created by Na*/K* channels. PKG can activate the Na*/K* channel to cause more Na*
accumulated to indirectly facilitate Ca”* removal [49, 50].

3.3.2 Ca’* exchange through ER

Ca®* pump ATPase also resides on the ER responsible for the uptake of cytosolic
Ca”* into the ER. NO pathway regulates ER Ca** pumping through phosphorylation
of phospholamban by PKG [51]. Mainly identified in cardiac tissues, phospholam-
ban is an inhibitor of SR Ca** pump. Phospholamban is normally phosphorylated
by PKA, which diminishes its inhibitory effect to Ca** pump [52]. Interestingly,
in neonatal cardiomyocytes and vascular SMCs, NO pathway also demonstrated
relaxation effect through differentially phosphorylating phospholamban [53, 54].

Inosital 1,4,5-trisphosphate (IP;) is a critical messenger molecule that can induce
Ca’ release from the ER reservoir. IP; receptor resides on the ER and works as a
chemical-activated Ca** channel. NO-cGMP pathway can reduce IP; generation
[55], and PKG can phosphorylate and inactivate IP; receptor in vascular SMCs to
inhibit ER Ca?* release [35, 56].

3.3.3 Ca**-independent muscle relaxation regulated by NO

Independent from NO-Ca** pathway, in SMCs NO also increases MLCP activity
and limits MLCK activity, resulting in a dephosphorylation shift of myosin light
chain phosphorylation balance [15]. Thus, myosin cross-bridge cycling is inhibited,
causing smooth muscle relaxation.

4. Vascular structural integrity mediated by NO

Anatomic alterations in the cardiovascular structure directly deteriorate car-
diovascular functions. NO is a multifunctional regulator for homeostasis in the
cardiovascular system. An intact endothelial layer is the hub for NO generation.
Pathological changes in NO generation can trigger various local flaws that may
progress to be systematic cardiovascular issues with time.

4.1 NO-induced alterations in endothelial permeability
Deviant NO level causes change of endothelial permeability, a key characteristic

for mass transfer and extravasation. Interestingly, increase, decrease, and no change
of vascular permeability due to the presence of NO have been reported. Using
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high concentration (millimolar level) of exogenous NO donor spermine NONOQOate
decreased endothelial permeability in the iz vitro human umbilical vein endothelial
cell (HUVEC) model [57]. And this effect was amplified by vitamin C, a chemical
that increases the apparent half-life of NO. However, in the frog mesenteric capil-
lary model, inhibition of NO synthesis by L-NMMA decreased capillary perme-
ability [58]. Moreover, although NO effectively regulated basal vascular tone in the
blood-brain barrier, it demonstrated no effect on its basal permeability [59]. Again,
these results demonstrate that NO’s biological effect is sensitive to NO concentra-
tion, duration, and environment.

Vascular permeability is mainly determined by tightness of cell-cell junctions
[60]. Tight junctions (TJs) and adherens junctions (AJs) are the most abundant
interendothelial junctions. And both junctions are closely related to actin cyto-
skeleton dynamics [61] (Figure 2). TJs are composed of series of transmembrane
proteins that anchor to the actin cytoskeleton to hold cells together. They seal the
cells to maintain cell polarity and prevent the molecules from traveling through the
space between cells. AJs consist of clusters of transmembrane protein cadherin,
which is connected to actin cytoskeleton on its cytoplasmic side and binds strongly
with cadherins residing on the neighboring cell membrane. These junctions are
important for transmitting mechanical force between cells and reinforcing tissues.
Since both junctions directly connect cytoskeletons, the cytoskeleton’s behavior will
influence cell-cell junctions and thus control vascular permeability. When actin and
myosin filaments undergo relative sliding to cause cell contraction, the cytoskele-
ton-associated membrane proteins will be pulled into the cells, and cell-cell junc-
tions are disrupted. NO mediates cell contraction by adjusting [Ca®*];. Therefore,
deviated NO level may cause the change of cell-cell junctions [60].

Another important downstream molecule of NO is vascular endothelial growth
factor (VEGF) which has been extensively studied in cancer research due to its
angiogenic effect. VEGF was initially considered as a vascular permeability factor,
because it caused the formation of leaky capillaries [62], which is an important
characteristic in tumor and retinopathy. Low NO level induces VEGF synthesis
under normoxia through the transcription factor hypoxia-inducible factor 1 (HIF-1)
[25, 63]. VEGF activates Src kinases, which further phosphorylate cadherin and
elicit its internalization [64]. Once cells lose cadherin interactions, gaps between
cells form and endothelial permeability is increased.

4.2 Inhibition of SMCs proliferation by NO

One distinctive characteristic of vascular SMCs is the phenotypic plasticity.

Two most important phenotypes are contractile and synthetic. Contractile SMCs
guarantee the good performance of muscle contraction/relaxation, while synthetic
SMCs are highly proliferative and migratory, crucial for vascular remodeling during
pregnancy and injury healing. Dysregulation of the phenotype transition causes
neointima formation [65]. NO plays important roles in suppressing SMCs’ contrac-
tile to synthetic transition.

NO donors and 8-Br-cGMP showed similar effect in inhibiting SMC migration and
proliferation, indicating NO’ inhibitory effect might be through the cGMP-dependent
pathway [66]. SMCs overgrow when stimulated by serum and epidermal growth fac-
tor (EGF). Many studies were based on these models, though divergent results were
reported. EGF induces SMC proliferation through mitogen-activated protein kinases
(MAPK) pathway, also called extracellular signal-regulated kinases (ERK) pathway.
Ras (a small GTPase) and Raf (kinase of MAPK kinase, or MAPKKK) are the critical
upstream protein kinases in this pathway. NO blocks MAPK pathway by prohibit-
ing Raf from being activated by Ras-GTP in rat aortic SMCs. It is believed that PKG
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phosphorylates Raf, resulting in the conformation change. Thus, Ras-GTP cannot
recognize Raf, causing the block of MAPK pathway and the accumulation of Ras-GTP
[67]. Meanwhile, elevation of cGMP induced by IL-1p is correlated with the activation
of PKA, and it can be prevented by blocking NO and cGMP pathways. Interestingly,
this effect is CAMP independent, but PKA inhibitor, not PKG inhibitor, can prevent
the inhibition of the proliferation, indicating that cGMP-PKA cross talk plays impor-
tant roles in suppressing rat aortic SMCs’ proliferation [68].

NO-cGMP pathway may inhibit SMC growth by impairing cytoskeleton reor-
ganization. Vasodilator-stimulated phosphoprotein (VASP) is characterized as a
substrate of both PKG and PKA [69]. It targets focal adhesions and is involved in
actin filament formation. Cell morphology change during proliferation relies on
VASP, and its activation relies on the phosphorylation of Ser157 primarily mediated
by PKA [70]. However, PKG can phosphorylate Ser239 and Thr278 to impair VASP’s
activity and inhibit actin cytoskeleton reorganization [70, 71].

NO also directly mediates proteins associated with cell cycle and cell metabo-
lism by cGMP-independent mechanisms. Cyclin A and cyclin-dependent kinase
2 expression levels can be blunted by exogenous NO donor DETA NONOate in an
in vitro vascular SMC model [72]. Ornithine decarboxylase (ODC) catalyzes the
ornithine decarboxylation to form polyamines, which are necessary for cell growth
and proliferation. ODC’s active center can be masked by nitrosylation. And NO
biosynthesis’s intermediate product N (omega)-hydroxyarginine can inhibit ODC
enzyme activity [73] to disrupt cell proliferation.

4.3 Prevention of thrombogenesis by NO

Thrombus formation is critical for hemostasis during injury. However, thrombus
in blood vessels can cause stroke and heart attack. Stable thrombus reduces lumen
size and stiffens blood vessels. Unstable thrombus may rupture with blood flow and
block the vessel. Activation of platelet is a critical step for thrombus formation, which
involves exocytosis processes to expose P-selectin on the platelet surface and activate
glycoprotein IIb/IITa. Both processes depend on the elevation of [Ca*']; controlled
by IP; pathway. NO suppresses platelet activation through NO-cGMP pathway [74].
Although, the inhibition pathway has not been fully characterized, evidences have
shown that cGMP-PKG blocks agonist-induced IP; formation in platelet [75], and
PKG can phosphorylate IP; receptor to inhibit Ca** release from the ER [35].

When the endothelium loses its integrity, there will be a local shortage of
thromboregulators such as NO, prostacyclin, and ectonucleotidase CD 39, result-
ing in thrombogenesis [76]. Collagen and tissue factors also trigger the coagulation
reactions [76]. The use of blood contact implant is another common source of
thrombus. Note that, all materials are thrombogenic to some degrees. To enhance
implant biocompatibility, an efficient method is to use NO releasing polymers to
fabricate or surface coat the blood contacting devices (such as vascular graft/stent,
intravascular catheter, and sensor implants). Common strategies include: physically
incorporating NO releasing chemicals into polymer matrices, chemically linking
NO releasing agent to polymer backbones, and developing materials that can trigger
NO generation using endogenous NO donors circulating in the blood. By using
the first two strategies, successful trials have been reported to achieve long-term
(over few weeks to months) NO releasing and antithrombotic applications [77-79].
Good NO donors include N-diazeniumdiolate and S-nitrosothiols. Both hydrophilic
and hydrophobic polymers that are commonly used in medical device fabrication
have been successfully modified for NO release including poly(vinyl chloride),
polymethacrylates, various hydrogels, polyethylene terephthalate, polyurethane,
and silicone rubbers [77]. The third strategy directly uses endogenous NO donors as
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the NO reservoir to catalyze NO generation from S-nitrosoglutathione or nitrite in
the body. Currently, its main challenge is to adjust the NO releasing rate to be more
biologically relevant.

5. Nitroso-redox balance in the cardiovascular system

Oxidative stress is always associated with ischemia reperfusion injury, dilated
cardiomyopathy, and heart failure [80]. It is crucial to restore redox balance in the
cardiovascular system when treating these diseases. Redox balance is governed by
changes in the oxidative state in tissues, where addition and loss of electrons result
in reduction and oxidation of molecules, respectively [80]. Oxygen can accept an
electron to become reactive oxygen species (ROS). ROS are highly reactive chemical
species that contain oxygen atoms, mostly free radicals with one or more unpaired
electrons [81]. NO is a free radical signaling molecule. Under pathological condi-
tions, it reacts with superoxide to generate reactive nitrogen species (RNS) that
have detrimental consequences to cells. Herein, we highlight the causes of redox
imbalance, their functions in the cardiovascular system, and the roles they play in
the progression of CVDs.

5.1 Biochemistry and physiology of ROS and RNS
5.1.1 ROS and oxidative stress

The electron transport chain (ETC) located in the inner membrane of mito-
chondria is crucial for energy and ROS generation (Figure 3). Normally, the final
electron acceptor oxygen is reduced to water. However, in pathological conditions,
electrons uncouple from the chain and react with oxygen without passing
cytochrome ¢ oxidase to form superoxide. Other ROS sources include NADPH
oxidase, xanthine oxidase (XO), eNOS, and cytochrome P450s (CYP). NADPH
oxidases belong to NOX family proteins, which transfer electrons across intracel-
lular membranes. NADPH oxidases transfer electron from NADPH to oxygen to
form superoxide for immune responses [82, 83]. Three NOX enzymes have been
found in the vascular wall, NOX 1, 2, and 4. NOX 1 and 2 result in the formation
of superoxide and NOX 4 produces hydrogen peroxide (H,0,) [83]. NOX 4 is also
present in the mitochondria and SR in cardiomyocytes [80]. XO is found in the heart
and ECs. It catalyzes purine metabolism with superoxide and H,O, produced. The
activity of XO is enhanced under ischemic reperfusion injury and oscillatory shear
stress [83, 84]. Another important source of ROS is the uncoupling of eNOS, which
causes eNOS to produce superoxide, instead of NO. One of the reasons for eNOS
uncoupling is the deficiency in the substrates (L-arginine and oxygen) and co-factor
BH, [80, 83]. Uncoupling of eNOS may explain why diabetic patients are susceptible
to CVDs. High glucose increases arginase levels in ECs, which competes with eNOS
for the substrate L-arginine [85]. In addition, overload of ROS in diabetes mellitus
limits BH, biosynthesis to further facilitate eNOS uncoupling [86]. Cytochrome
p450s (CYP) are a group of hemoproteins similar in structure and function to eNOS
under oxidative stresses. The catalytic activity of CYP requires oxygen and two
electrons to form a ferrous-dioxy complex [87]. CYP is involved in the metabolism
of cholesterol, vitamins, and arachidonic acid [88]. When there is excessive oxygen
consumed, the enzyme uncouples, and the ferrous-dioxy complex diverts back to
the ferric state to produce superoxide [89].

Superoxide is an anion-free radical that can produce other ROS including
H,0,, hydroxyl radicals (OH), and hypochlorous acid (HCIO) [80, 82, 90, 91].
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The spontaneous transfer of an electron to superoxide at low pH or by an enzyme
reaction (superoxide dismutase, SOD) produces H,0, [82, 91]. Low levels of H,0,
(1-10 nM) induce more antioxidant molecules that protect the cells, and high levels
(>100 nM) are likely to generate more prooxidants [91]. For example, high level

of H)O, was generated in neutrophils for antimicrobial effects [92, 93]. Hydroxyl
radical can be formed from the reaction between H,0, and superoxide (Haber Weiss
reaction) or the breakdown of H,O, by metal ions, Fe?* or Cu** (Fenton reaction)
[94]. Hydroxyl radical is highly reactive. It alters DNA structure by attacking purine
and pyrimidine bases, leading to mutations and cell damages [95]. In the pathologi-
cal myocardial tissue, it is associated with decreased contractile function, increased
membrane phospholipid peroxidation, and heart failure [96, 97]. HCIO is mainly
produced by leukocytes when H,0, reacts with chloride anions. It facilitates the
removal of foreign particles and is also implicated in the progression of atheroscle-
rosis and ischemic reperfusion injury [81].

5.1.2 NO and nitrosative stress

NO acts in a diffusion- and concentration-dependent manner. Low concentra-
tions of NO (nanomolar range) have a protective role, while high NO levels (micro-
molar range) can be detrimental [98]. The majority of NO’ biological effect is
attributed to sGC/cGMP pathway [21]. Additionally, NO acts as a signaling media-
tor through S-nitrosylation. NO can inhibit cardiac hypertrophy through nitro-
sylation of histone deacetylase 2 (HDAC2) released from chromatin [99]. HDAC2
regulates anti-hypertrophic genes. In ischemic preconditioning (the body’s defense
mechanism against myocardial necrosis), the S-nitrosylation of mitochondrial
proteins protects the mitochondria from oxidative stress [100]. S-nitrosylation initi-
ates excitation contraction coupling by increasing Ca®* uptake, and the contraction
may be sustained through releasing of Ca’* via SR membrane ryanodine receptors
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(RyRs) [26]. Quantitatively, when three thiols per subunit of RyR channels are
nitrosylated, the process is reversible. However, if six or more thiols per subunit are
nitrosylated, irreversible Ca** ion release occurs and can be detrimental to the car-
diac muscle [26]. In addition, when too much NO is generated during inflammation
or sepsis, NO may cause hypovolemia due to its excessive vasodilation effect [83].
Furthermore, upregulation of iNOS in ECs reduces the availability of BH, to eNOS,
intensifying eNOS uncoupling and superoxide generation [83]. Thus, the physi-
ological role of NO can be attenuated by ROS, because NO is quickly consumed by
superoxide before it initiates any cell response [101].

When NO collides with superoxide, peroxynitrite (ONOQO™) is formed, causing
nitrosative stress. The chemical reaction is very fast and deleterious [98]. ONOO™ is
a very strong oxidant. It reacts with proteins through tyrosine and tryptophan resi-
dues to form nitrotyrosine and nitrotryptophan, respectively [80, 98]. In diabetic
mice, tyrosine nitration of the voltage-gated K* channels in the vascular SMCs
altered its dilation function, a possible mechanism of the progression of coronary
artery disease [102]. Tyrosine nitration was also observed in cardiac myocytes
desmin, myosin heavy chain, a-actin, and microtubules. These proteins play pivotal
roles in maintaining cell morphology and cardiac contractility [98]. When free
nitrotyrosine was incorporated into the carboxyl terminus of a-tubulin in micro-
tubules, altered microtubule organization and redistribution of the motor cyto-
plasmic protein dynein were observed [103]. Protein activity can also be impaired
by oxidation of thiols to disulfide bond by ONOO™ [98]. In addition, ONOO™ also
reacts with lipids to yield nitrated lipids to promote atherosclerosis, and with
nucleic acids via guanine and the sugar phosphate backbone to damage DNA [98].

On the other hand, low concentrations of ONOO™ (10-200 uM) is associated
with tyrosine kinase-dependent signaling. ONOO™ has been shown to activate
tyrosine phosphorylation and trigger glycolysis [98]. Another example involves
MAPK pathway, where ONOO™ activates Raf-1 kinase. The MAPK pathway is
closely associated with anti-apoptosis and cardiac hypertrophy in the cultured
cardiomyocyte model [104].

5.2 Atherosclerosis
5.2.1 Inflammatory mechanism of atherosclerosis

Atherosclerosis is characterized by the formation of plaques that reduce the lumen
of arteries and consequently interfere with blood flow and tissue perfusion. The
plaque consists of the lipid core and fibrous cap. In patients with hypercholesterol-
emia, ROS and RNS oxidize low-density lipoprotein (LDL) [105]. Oxidized LDL (Ox
LDL) initiates a cascade of events that alters the endothelial permeability and leads to
insudation of the lipoprotein in the arterial wall. Stimulated by atheroprone signals,
ECs express selectins and vascular cell adhesion molecule (VCAM-1) to attract
circulating blood monocytes. Monocytes penetrate the endothelial layer;

i.e., diapedesis occurs, and become macrophages [106]. Macrophages target Ox LDL
for phagocytosis and become foam cells, the accumulation of which causes the forma-
tion of fatty streaks. The foam cells initiate the production of transforming growth
factor beta (TGF-p), platelet-derived growth factor (PDGF), and fibroblast growth
factor (FGF) in the vascular system [107, 108]. These growth factors promote the
change of vascular SMCs from a contractile to a synthetic phenotype. SMCs migrate
from the media layer to the intima, where they secrete a complex extracellular matrix
to form a fibrous cap around the lipid core to stabilize the plaque [109]. The prolifera-
tion of SMCs leads to neointima hyperplasia. Thus, the vessel becomes narrowed and
the blood flow profile alters, further aggravating endothelial dysfunction (Figure 4).
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5.2.2 Hemodynamics and atherosclerosis

In fact, disturbed blood flow at arches, branches, or bifurcations is always
associated with the early appearance and fast development of atherosclerotic
lesions. Blood flow influences ECs’ gene expression through “shear-stress response
elements” in the promoters of atherosclerosis relevant genes and “mechanotrans-
ducers” that can sense the force and transduce mechanical signal into biochemical
events within the cell. Overall, in steady laminar flow, ECs express more antithrom-
botic, anti-inflammatory, and antioxidant proteins, such as eNOS, cyclooxygen-
ase-2 (COX-2), and manganese-dependent superoxide dismutase (SOD) [110],
while in turbulent flow, ECs show atheroprone phenotypes, which activate NF-«xB
pathways to promote the expression of cytokines and cell adhesion molecules [107].

Two highly differentially expressed transcription factors, zinc finger transcrip-
tion factor Kruppel-like factor 2 (KLF2) and nuclear factor erythroid-2-related
factor-2 (Nrf2), were identified by comparing endothelial gene expressions under
different hemodynamic patterns [111]. KLF-2 maintains endothelial homeo-
stasis at least in part by inhibiting local inflammation and restoring NO levels.
Overexpression of KLF-2 blocks IL-1p-induced inflammation through inhibiting
VCAM-1 and E-selectin expression to disturb the adhesion of immune cells [112]. In
addition, it upregulates eNOS expression to improve vascular tones. Nrf2 is respon-
sible for regulating redox-related genes (heme oxygenase 1, ferritin heavy chain,
NADPH dehydrogenase quinone 1, and thioredoxin reductase) to maintain vascular
redox balance in laminar flow [111]. Remarkably, it has been shown that KLF2 and
Nrf2 work synergistically to integrate atheroprotective signals and active antioxi-
dant responses, which may be a promising therapeutic strategy for CVDs.

5.3 Antioxidant mechanisms in nitroso-redox balance

To counteract the effect of excessive ROS and control CVD symptoms, intro-
ducing antioxidative mechanisms is an effective method (Figure 5). Increasing
enzymes that can eliminate ROS is a commonly used strategy. For example, super-
oxide can be eliminated by dismutation of two superoxide molecules by SOD to O,
and H,0, [113]. H,0, can undergo decomposition under the regulation of catalase
and peroxiredoxin to oxygen and water [80, 114]. The thiol group in peroxiredoxins
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consumes H,0, to form sulfenic acid, then subsequently disulfide bond [115].
Glutathione (GSH) peroxidase 1 uses the similar mechanism to inactivate H,O,,
superoxide, and ONOO™ in the presence of the tripeptide compound GSH. A
prospective cohort study showed that reduced levels of GSH peroxidase 1 were
associated with increased mortality in coronary disease patients [116].

Another effective antioxidative method is to protect redox-sensitive molecules
from being oxidized. In the body, the thiol group on GSH can form reversible mixed
disulfide bonds with cellular proteins under oxidative stress conditions. These disul-
fide bonds can be broken by the enzyme glutaredoxin when the surrounding cell
environment reverts back to its normal state [80, 117]. The addition of scavengers
to directly remove ROS/RNS can also restore the nitroso-redox balance. An example
is the elimination of superoxide by ascorbic acid (vitamin C) [113]. By limiting
superoxide, other reactive species can also be repressed, such as ‘OH and ONOO™.
This may explain the success of the clinical trial of combining nitrate drug isosor-
bide dinitrate with hydralazine, a NADPH oxidase inhibitor, where heart failure was
reduced by 45% [118]. By inhibiting superoxide generation from NADPH oxidase,
ONOO™ level may be reduced and NO function preserved.

The high concentrations of NO can be controlled through scavenging NO via
oxyhemoglobin in red blood cells and myoglobin in the skeletal and heart muscle.
These two proteins react with NO to form nitrate, which is considered as the pri-
mary method for inactivating NO in the cardiovascular system [119]. Hemoglobin
and myoglobin can also scavenge ONOO™ by their metal centers, generating nitrate
from the reactions [120].

6. Conclusions and future outlooks

We briefly reviewed the molecular mechanisms of muscle contraction and
relaxation in the cardiovascular system and highlighted the importance of physi-
ological and pathological effects of NO and oxidative stress. NO and ROS both
determine the structural integrity and functionality of the cardiovascular system.
The cardiovascular system not only nourishes cells, but also provides paths for
immune response and systematic signaling. Drugs are transported by this system to
the correct site for metabolic reactions. Tissue regeneration also relies on a healthy
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cardiovascular system. Therefore, to maintain, the homeostasis of the cardiovas-
cular system is essential for overall health. Unfortunately, with aging, both cardiac
function and cardiomyocyte number decline [121], and blood vessels undergo
structural alterations [122]. Moreover, CVDs are also associated with other serious
complications, such as diabetes, cancer, kidney failure, and inflammatory pro-
cesses. Thus, multiple therapeutic strategies are needed to treat CVDs. According
to 2011's American Heart Association’s guidelines for preventing CVDs, therapeutic
strategies include smoking cessation, blood pressure control, lipid management,
physical activity programs, diabetes management, anticoagulation, dilation
management, and depression prevention [3]. Besides traditional pharmaceutical
management and surgeries, new perspectives to study, diagnose, and treat CVDs
have also shown promising results, including development of biocompatible stents
[123], stem cells therapies [124, 125], novel devices for mechanical thrombectomy
[126], and inflammation management [127]. Although challenges still exist, the
implementations of research findings from different disciplines in clinical trials will
allow us to better understand and control CVDs in the future.
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Abstract

The vessel wall is an intricate structure composed of three layers: the intima
(consisting of endothelial cells), media (consisting of smooth muscle cells and
elastic fibers), and externa (consisting of the extracellular matrix scaffold). The
homeostasis of the vasculature depends on the consistent function of each layer.
In the vascular system, potassium channels are well known to regulate vascular
function. The interactions between vascular conditions and membrane potential
are complicated. In this chapter, we will focus on the functional regulation of KCa
channel, Krp channel, and Ky channel in the vascular system. Researchers may
continuously obtain insights into the functions of these channels and identify new
therapeutic targets for vascular diseases.

Keywords: potassium channel, vascular diseases, BK channel, Kv channel,
K srp channel

1. Introduction

The vascular system, which includes an extensive network of arteries, capillar-
ies, and veins, exhibits specific biochemical, cellular, and transport functions. The
absorption of essential nutrients and removal of cellular metabolic products both
depend on the vasculature [1]. The vessel wall is an intricate structure composed of
three layers: the intima, media, and externa. The homeostasis of the vascular system
depends on the consistent function of each layer. The thinnest constituent layer is
the intima, which consists of a single layer of endothelial cells (ECs) on a basement
membrane. Although ECs are typically flat, they are plump or cuboidal in venules
composed of numerous endothelial cells [2]. Endothelial cells perform critical func-
tions in all aspects of tissue homeostasis; in addition, they regulate vascular tone
by interacting with components of the peripheral nervous system and are related
to inflammatory and immunological processes [3, 4]. The media mainly contains
smooth muscle cells (SMCs) and elastic fibers. Elastic fibers are mainly a source
of structural support, while SMCs play a vital role in maintaining the vascular
structure, vascular repair, remodeling, and disease. VSMCs exhibit extraordinary
plasticity and undergo remodeling in response to local hemodynamic changes,
mechanical forces, hormones, and cytokines [5, 6]. The most remarkable functions
of VSMCs are to regulate vascular tone and vessel diameter, which determines blood
pressure and tissue perfusion. Some components of vascular contractility, such as
the actin cytoskeleton, are required for VSMC proliferation and migration. Circular
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RNA, microRNA, and some other transcription factors jointly regulate the expres-
sion of smooth muscle a-actin (a-SMA) and the contraction of VSMCs [7, 8]. The
outer most layer of the vessel wall is the adventitia. In vertebrates, the adventitia

is important because the fibroelastic connective tissue stroma is an important
structural component of all tissues. The adventitial stroma contains an extracellular
matrix scaffold including fibroblasts, blood and lymphatic vessels, nerve endings,
progenitor cells, and immune cells. In one sense, the adventitia is the most complex
and heterogeneous compartment of the vessel wall [9].

Ion channels play an important role in the mechanism of action of vasodila-
tors and vasoconstrictors that modulate vascular tone and the effects of disease
states, such as hypertension, obesity, and diabetes, which depend on ion channel
expression and function. We focus on the basic properties, physiological functions,
regulation, and pathological alterations in major classes of K* channels that have
been detected in VSMCs and/or ECs, including Ca’*-activated K* channels, ATP-
sensitive K* channels, and voltage-gated K* channels.

2. Vascular function

In the vascular system, transmembrane voltage regulates vascular function. The
interactions between vascular conditions and membrane potential are complicated
[10]. The hyperpolarization of the smooth muscle cell membrane potential is evoked
by the activation of ion channels, which contributes to vasodilation. A decrease in
Ca”" influx resulting from a decrease in the open probability of voltage-dependent
calcium channels (Cay) and the Cay-dependent activation of the sarcoplasmic
reticulum are crucial factors contributing to this process [11]. The depolarization of
vascular smooth muscle cells causes contraction by opening Cay and inducing cal-
cium release. The Ca**-activated K* channels (Kc,) are considered key elements that
control vascular tone and blood pressure by modulating membrane hyperpolariza-
tion and relaxation. Ca**-activated K* channels, including large conductance Ca*'-
and voltage-activated K* (BK) channels, intermediate conductance Ca* -activated
K* channels (IK), and small-conductance Ca**-activated K* (SK) channels, are
widely expressed in the vascular system. Intercellular conduction of electric signals
underlies the spread of vasodilation to resistance arteries [10, 12].

3. Ca?*-activated K* channel
3.1 The structure of BK channel

BK channels (also known as MaxiK) are widely expressed in vascular smooth
muscle cells. Vascular BK channels comprise four pore-forming subunits (BK-a) and
four auxiliary subunits: f; subunits (BK-f;) and/or y; subunits (BK-y;). BK a, which
is encoded by the KCNMA1 gene, has seven transmembrane domains (S0-S6).

BK-a has an extra transmembrane segment, SO, and thus its N-terminus is located
in the extracellular space. S1-S4 form the voltage-sensor domain (VSD), and S5

and S6 form the ion permeation domain that encompasses the conserved K* filter
(TVGYG) in the pore loop. The C-terminus of BK channels modulates the voltage
sensor and affects the pore, thus influencing channel opening. The ability of specific
BK channels to open as a function of Ca®* concentration or as a function of voltage
sensors is due to the use of alternative splice sites [13-15]. The C-terminus contains
two homologous structural units termed “regulators of conductance for K*”: the
proximal portion RCK domain (RCK1) and the distal portion RCK domain (RCK2).
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Ca? bowl

Figure 1.

Schematic structure of one BKa-subunit consisting of 7 transmembrane domains (S0-S6). S1-S4 constitute the
voltage-sensing unit, and the Ss5-P loop-S6 form the ion permeation domain. The Ca®* bowl is a high-affinity
divalent cation-binding domain, and the RCK domain (vegulator of conductance for K*) in the C-terminal
region is vesponsible for Ca®* sensitivity. The presence of the p1 subunit increases Ca** sensitivity and thus
channels activity.

The RCK1 domain is related to the formation of the Ca**-binding site, and the RCK2
contains a “high-affinity” Ca®* bowl domain. The “gating ring” is a Ca**-sensing
apparatus composed of four pairs of RCK1 and RCK2 domains, and the function

of gating ring is responsible for allosteric activation of BK channel by Ca** binding
[15-19] (Figure 1). Four types of p subunits (BK-p) and four types of y subunits
(BK-y) modulate almost all aspects of the pharmacological actions and physiologi-
cal processes mediated by BK channels. The functional mechanism of BK channels
regulated by p and y auxiliary subunits is extremely complicated but is crucial to
our understanding of its implications in vascular diseases. In the vasculature, BK-f;,
which is encoded by KCNMBI, is the dominant isoform in VSMCs, and the dysfunc-
tion of the f; is associated with diabetes, hypertension, and other vascular diseases.
Knockout of the BK-f,; gene produces a remarkable decrease in the Ca** sensitiv-

ity of the channel. In addition, coexpression of the BK-f; subunit with the BK-a
subunit dramatically alters the calcium sensitivity, similar to the results observed

in native VSMCs [15, 20, 21]. As an auxiliary subunit of the BK channels, BK-y also
affects BK channel activity by modulating the voltage and Ca®* sensitivity. The BK-y
subunit has the ability to regulate vascular tone, and knockdown of BK-y subunits
contributes to pressure-induced vasoconstriction and a decrease in the activity of
functional BK channels [15, 22, 23].

3.2 The physiological function of BK channel

Hundreds of proteins (such as p-catenin and caveolins) are reported to interact
with BK channels in various systems iz vitro and/or in vivo. The mutual effect
between BK channel and these proteins regulates the BK channel functions and
influences the biological pathways mediated by BK channels [24-26]. However,

a key characteristic of BK channels is their ability to couple with calcium chan-

nels that mediate the increase of intracellular Ca**. BK channels can prevent Ca**
channels from further activation and limit Ca?* influx. In smooth muscle cells,
ryanodine receptors cause local, transient calcium release events from the endo-
plasmic reticulum. These spontaneous calcium release events lead to the activation
of nearby BK channels, which induce membrane hyperpolarization. This kind of
potassium current is called the spontaneous transient outward current (STOC), and
by blocking, STOC contributes to the increased vascular muscle tone [24, 27, 28].
Accordingly, BK channel is a key regulator to induce vasodilatation.
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3.3 The function of BK channel in diabetes and hypertension

Diabetes is an independent risk factor for vascular diseases and is associated
with increased risks of vascular complications, such as coronary artery disease,
stroke, nephropathy, neuropathy, and retinopathy [29]. Vascular BK channel
dysfunction is mainly due to a significant downregulation of BK-p; subunit expres-
sion in vessels from subjects with TIDM and T2DM. The activity of BK channels is
regulated by many factors, such as angiotensin II, reactive oxygen species (ROS),
nitric oxide (NO), carbon monoxide (CO), and protein kinase A- and protein kinase
C-mediated signaling pathways.

According to Lu et al., the ROS signaling cascade facilitates Forkhead box
O subfamily transcription factor-3a (FOXO-3a)-dependent F-box-only protein
(FBXO)-mediated BK-f; degradation and leads to the dysfunction of diabetic
BK channels. In diabetic mouse aortas and in high glucose-cultured human
coronary arterial smooth muscle cells, p-Akt (S473) levels are decreased, and
the level of protein kinase C (PKC) B, which stimulates ROS generation and
contributes to diabetic cardiovascular complications in diabetic rats, is distinctly
increased [29, 30]. This group also revealed that the nuclear factor erythroid-
2-related factor 2 (Nrf2) signaling pathway plays a significant role in regulat-
ing coronary BK channel function and vasodilation in mice with high-fat diet
(HFD)-induced obesity/diabetes [31].

Hypertension, which is characterized by increased arterial tone, is another risk
factor for cardiovascular diseases. Substantial evidence shows decreased expres-
sion of the BK-p; subunit that is considered to contribute to the development of
vascular dysfunction during hypertension. Loss-of-function mutations in BK-f;
decrease the prevalence of diastolic hypertension in humans [32]. Recently, the
regulated trafficking of BK channel subunits (including a subunit and auxiliary f4
and y subunits) has been accepted as a functional mechanism to modulate arterial
contractility. Endothelin-1 (ET-1) is a vasoconstrictor that activates protein kinase
C (PKC) and stimulates PKC-mediated phosphorylation of Rabl1A at serine 177.
Subsequently, surface p; trafficking is reduced, resulting in a decrease in BK channel
currents and vasoconstriction [33, 34].

3.4 BK channel in ECs

BK channels are expressed in both VSMCs and endothelial cells [35, 36]. In the
majority of the systemic vasculature, endothelial BK channels are electrically quies-
cent, but may be disinhibited under pathophysiological conditions [37]. Hydrogen
sulfide (H,S) is an important, endogenously generated gaseous signaling molecule.
H,S-mediated vasodilation involves the activation of endothelial BK channels,
which depends on Ca** influx through endothelial transient receptor potential
vanilloid-4 (TRPV4) channels [38].

Using the whole-cell recording technique, Dong et al. examined the effect of
CO on the activity of BK channels. The application of exogenous CO-activated BK
channels in endothelial cells and the stimulation of endogenous CO production
increased BK channel activity in human umbilical vein endothelial cells (HUVECs).
Stimulation of soluble guanylate cyclase (sGC) production is responsible for the
early stage, but not the latter stage, of this process. The CO-induced activation of
BK channels plays an essential role in modulating vascular function. In endothelial
cells, BK channels are activated by CO and induce the hyperpolarization of the
membrane potential. Afterwards, the driving force for Ca®* influx increases, and
the increase in the intracellular Ca** concentration stimulates NO generation, which
diffuses into the smooth muscle cells to activate BK channels [35].
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Another key factor that interacts with BK channels and likely exerts a negative
regulatory effect on channel activity is caveolin-1 (Cav-1). Under normal conditions,
Cav-1 limits the contribution of the BK channels to EDHF-mediated arteriolar dila-
tion. In obesity, the decreased expression of Cav-1 increases the contribution of the
BK channels to EDHF-mediated arteriolar dilation, which seems essential for main-
taining vascular homeostasis [39]. Chronic hypoxia (CH) enhances the activity of BK
channels in ECs and alters vasoreactivity via the loss of an inhibitory effect of Cav-1.
Under this condition, BK channels in ECs display a similar unitary conductance but
greater Ca* sensitivity than BK channels from vascular smooth muscle cells [40].

Anandamide is an endogenous ligand for specific G-protein-coupled cannabinoid
type 1 (CB,) and type 2 (CB,) receptors. In the cardiovascular system, anandamide
acts as a direct BK, opener, and vasodilatory responses to cannabinoids are thought to
require a G-protein-coupled receptor (GPCR) located on endothelial cells, the activa-
tion of which results in the direct modification of BKc, channel activity and BKc,-
dependent vasodilation. BKc, channels act as cellular sensors for cannabinoids in iz vitro
and i situ endothelial cells [40]. The mechanism of action of anandamide on endo-
thelial cells was not previously believed to require CB1, CB,, or non-CB,/CB, receptors,
but was related to direct modulation of the BKc, channel gating without modification
of unitary conductance [41]. However, the roles of BK, in endothelial cells observed in
response to in vitro and i situ cannabinoid-induced vasodilation are undisputed.

3.5 Structures of SK and IK channel

SK and IK channels are two distinct types of voltage-independent K¢, channels;
these channels exhibit a close association between their calcium sensitivity and
calmodulin [42]. In contrast to intestinal smooth muscle, little evidence is available
suggesting a functional role for SK channels in vascular smooth muscle cells, although
an unidentified apamin (a specific blocker of SK channel channels)-sensitive and
voltage-dependent conductance has been reported [43]. In healthy and freshly isolated
vascular smooth muscle cells, IK channels are expressed at very low levels. In contrast,
the expression of IK channels increases when the vascular system is impaired, and this
phenomenon also appears in proliferating smooth muscle cells [44].

The family of SK channels consists of three members: SK1 (also known as
KCa2.1), which is encoded by the KCNN1 gene; SK2 (also known as KCa2.2), which is
encoded by the KCNN2 gene; and SK3 (also known as KCa2.3), which is encoded by
the KCNN3 gene. SK channels consist of six transmembrane regions (TMs) and a sin-
gle pore loop, with four subunits located around a central pore. Both the N-terminus
and C-terminus are oriented toward the cytoplasm. SK channels have no charged
amino acids in the fourth TM domain, which is usually an important component of a
voltage sensor. SK channels are activated and deactivated solely as a consequence of
Ca”* binding or release [45]. SK channels are heteromeric complexes that comprise
pore-forming a subunits and the Ca**-binding protein calmodulin (CaM) (Figure 2).
CaM is not only necessary for Ca** sensitivity but also critical for the trafficking
of SK channels. CaM binds to and activates its target proteins in both Ca**-replete
and Ca**-depleted forms. CaM mutants affect the interaction of CaM with its target
proteins [45, 46]. CaM binds to a highly conserved CaM-binding domain (CaMBD)
residing within the C-terminus of the SK channels that is located immediately distal
to the sixth transmembrane segment [47, 48]. Maria A. Schumacher et al. explored
the structure of the CaMBD/Ca®*/CaM complex, and in this complex, CaM binds
three a-helices instead of one, and the N-lobe and C-lobe of each CaM molecule con-
tact different CaMBD monomers. The structure of the CaMBD/Ca”**/CaM complex
provides detailed information about both Ca**-dependent and Ca**-independent
CaM interactions in a single complex [48].
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Figure 2.

chematic of IK and three subtypes of SK (SK1, SK2, and SK3). SK3 and IK are thought to be the predominant
KCa channels expressed in systemic vascular endothelia. The basic structure consisting of six transmembrane
domains (S1-S6). The constitutively bound calmodulin (CaM), at the C-terminus. The founding member of
Ca® binding proteins is CaM, a small, acidic, modular protein endowed with gymnastic-like flexibility that
chelate Ca®* ions.

IK channel (also known as KCa 3.1) is widely expressed in cells of the immune
system and red and white blood cells, where it plays an important role in cellular
activation, migration, and cytokine production [49-51]. Moreover, KCa3.1 is also
expressed in dedifferentiated vascular smooth muscle cells, fibroblasts, and the
vascular endothelium, where the channel is involved in the EDH response [52, 53].
The KCa3.1 channel is a tetrameric membrane protein with each subunit (compris-
ing 427 amino acids) organized in six transmembrane segments, S1-S6, with a pore
motif between segments 5 (S5) and 6 (S6). The channel assembly and trafficking
are regulated by the constitutively bound calmodulin (CaM) molecule, which also
confers Ca** sensitivity [54, 55]. Ca”* binds to the CaM-KCa3.1 complex in the
C-terminus of KCa3.1. As the CaM-binding domain of KCa3.1 is directly connected
to the S6 transmembrane helix, activation of the channel gate at the level of the
selectivity filter might depend upon the coupling between each of the channel pore
helices and the associated S6 transmembrane segment. The interactions of the
KCa3.1 pore helix with the S5 and S6 transmembrane segments also contribute to
setting POmax, which is one of the distinguishing features of the Ca**-dependence
of the KCa3.1 channel [55].

3.6 SK and IK channel and EDH responses

In small arterial and arteriolar ECs, KCa channels are activated by intrinsic
spontaneous or receptor-mediated Ca’* events, which contribute to the hyper-
polarization of SMCs and vasodilation through a NO-independent process. This
response is known as endothelium-dependent hyperpolarization (EDH), and it
is the predominant mechanism in ECs [56]. SK and IK channels operate in paral-
lel to generate EDH; they contribute to smooth muscle hyperpolarization and
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vasorelaxation, and the hyperpolarization of the endothelial cells in turn increases
calcium influx by increasing the driving force for this ion, but the channels can be
activated independently. SK channels are distributed throughout the endothelial
cell membrane, but cluster in the proximity of the large gap junctions between
endothelial cells. In contrast, IK channels are only present in detectable amounts at
endothelial cell projections toward adjacent smooth muscle cells, where they can
form myoendothelial gap junctions [57]. EDHF-mediated responses play a physi-
ological role in regulating vascular resistance. In rats, the hypotensive response to
endothelium-dependent agonists, such as acetylcholine and bradykinin, is rapidly
compensated within 1 day after treatment with the NOS inhibitor N”-nitro-L-
arginine methyl ester (L-NAME). The compensatory relaxation is mediated by the
activation of SK and IK channels. Endothelial dysfunction, measured as a reduced
endothelium-dependent hypotensive response, does not develop after the inhibition
of NOS activity [58].

Over the past two decades, studies examining the physiological role of hydrogen
sulfide (H,S) have received increasing attention. Cystathionine y-lyase (CSE)
generates H,S under physiological conditions, and a CSE deletion in mice reduces
H,S levels in some tissues, including the aorta. These mice lacking the CSE gene
display pronounced hypertension, indicating that H,S is a physiological vasodilator
and regulator of blood pressure [59]. In many ways, either H,S itself is an EDHF or
H,S releases EDHF from the endothelium [60, 61]. The resting membrane potential
of SMCs is increased in CSE knockout mice, and methacholine (a cholinergic-
muscarinic agonist)-induced endothelium-dependent relaxation of mesenteric
arteries was abolished. Methacholine hyperpolarizes SMCs in endothelium-intact
mesenteric arteries from wild-type mice. The application of atropine (a muscarinic
antagonist) or charybdotoxin and apamin, which block SK/IK channels, or knock-
out of the CSE gene in mice inhibited this effect. Simultaneously, the expression
of SK2.3, but not the IK3.1 channel, in vascular tissues was increased by H,S and
decreased by a CSE inhibitor or CSE gene knockout [51]. Moreover, insufficient H,S
levels impair EDHF-induced vascular relaxation by increasing oxidative stress and
IK inactivation in mice with type 2 diabetes mellitus (T2DM)/hyperhomocystein-
emia (HHcy) [62].

The activation of SK/IK channels may regulate electrical conduction along the
endothelium of intact vessels, and some factors limit this process, such as myoen-
dothelial coupling to SMCs, perivascular nerve activity, and circulating vasoactive
agents. Using intact EC tubes produced after the dissociation of SMCs with mild
enzymatic digestion, Behringer and his colleagues found that activation of SK/IK
channels impairs the transmission between axial signals. This effect results from
a decrease in membrane resistance (ry,) that dissipates charge as current flows
from cell to cell along the endothelium [63]. Another group verified these results
and further assessed impairments in electric conduction along the endothelium of
resistance arteries through the enhanced activation of SK/IK channels. Fresh EC
tubes were isolated from resistance arteries in skeletal muscle from different groups
of mice. Group 1 included young mice (approximately 4-6 month old), group 2
included middle-aged mice (approximately 12-14 month old), and group 3 included
old mice (approximately 24—46 month old). The ability of the endothelium of
skeletal muscle resistance arteries to conduct electric signals is impaired with aging.
The dual function of SK/IK channels in initiating and modulating electric signaling
along the endothelium is altered with aging. By increasing the activation of SK/IK
channels (particularly the IK channel), aging promotes hyperpolarization of the
endothelium while decreasing its ability to conduct electrical signals. Oxidative
stress activates SK/IK channels in the resistance artery endothelium via the action
of hydrogen peroxide (H,0,) [64].
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4. ATP-sensitive potassium channel in the vascular system

Functional Kurp channels are hetero-octameric membrane protein complexes
that comprise four inward-rectifier potassium channel 6 (Kir6, either Kir6.1 or
Kir6.2) subunits and four ABCC (ATP-binding cassette, subfamily C) family member
sulfonylurea receptor (SUR) subunits, including SUR1, SUR2A, or SUR2B. The Kir6
subunit (Kir6.1 or Kir6.2) has two membrane-spanning regions (M1 and M2) with
intracellular N- and C-termini. The latter two are alternative splice variants, differ-
ing from each other only in the C-terminal 42 amino acids. The SURx subunit has 17
transmembrane regions, arranged in three domains: TMDO, TMD1, and TMD2. A
conserved intracellular nucleotide binding fold (NBF1), with Walker A and Walker
B domains, exists between TMD1 and TMD2. A second intracellular nucleotide
binding fold (NBF2) exists in the C-terminus region of the protein. It is thought that
NBF1 binds (and hydrolyzes) MgATP, whereas MgADP binds primarily to NBF2 to
stimulate channel activity (Figure 3). KATP channels are expressed in a variety of cell
types, including cardiac, smooth, and skeletal muscles, with tissue-specific diversity
in the receptor subtypes. While pancreatic Karp channels are associated with SUR1,
cardiovascular channels interact with SUR2 subtypes. In VSMC, SUR2B interacts with
Kir6.1 to form Karp, and more rarely, Kir6.2 may be the ion pore-forming subunit. The
Kir6 channel pore-forming subunits are the ATP sensor, and their activity is regulated
by PIP2. K arp channels are inhibited by elevated intracellular ATP and stimulated by
ADP under physiological conditions [46, 65-67].

In blood vessels, Karp channels remain closed under normal physiological condi-
tions; however, they are activated when the cell metabolism is disturbed by hypoxia
or ischemia, resulting in an efflux of potassium ions and membrane hyperpolar-
ization. The decreased membrane excitability leads to a shortened cardiac action
potential, inhibition of neurotransmitter release, and relaxation of vascular smooth
muscles, which play key roles in limiting cellular damage or regulating blood
pressure [68, 69]. In skeletal muscle arteries and arteries, alterations in metabolic
activity induce changes in local oxygen tension and are an important mediator of

Kir6.x SURX

Figure 3.

K Ang channels ave hetero-octameric membrane protein complexes that are composed of four inward-rectifier
potassium channel 6 (Kir6.x) subunits and sulfonylurea veceptor (SURx) subunits. The Kir6.x subunit (Kir6.1

or Kir6.2) has two membrane-spanning regions (M1 and M2) with intracellular N- and C-termini. Two SURx
subunits have been described: SUR1 and SUR2 (SUR2A or SUR2B). The latter two are alternative splice variants,
differing from each other only in the C-terminal 42 amino acids. The SURx subunit has 17 transmembrane
regions, arranged in three domains: TMDo, TMD1, and TMD2. A conserved intracellular nucleotide binding
fold (NBF1), with Walker A and Walker B domains, exists between TMD1 and TMD2. A second intracellular
nucleotide binding fold (NBF2) exists in the C-terminus region of the protein. It is thought that NBF1 binds (and
hydrolyzes) MgATP, whereas MgADP binds primarily to NBF2 to stimulate channel activity.
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vasomotor responses. Vasodilation (hypoxic vasodilation) is caused by decreased
oxygen tension, and vasoconstriction (hyperoxic vasoconstriction) is caused by the
increased oxygen tension [70, 71]. Karp channels are known to link cell metabolism
and cell membrane potential, and decreased oxygen tension results in a depletion of
intracellular ATP levels, which contributes to the opening of Karp channels and the
subsequent hyperpolarization and relaxation of the VSMCs [71].

Renal hyperfiltration is a main characteristic of the early stage of type 1 diabetes
mellitus (DM), and altered renal hemodynamics promote the eventual develop-
ment of diabetic nephropathy. The hyperfiltration state is ascribed to the dilation of
afferent arterioles and diminished responsiveness of this vascular segment to vari-
ous vasoconstrictors, while the diameters of efferent arterioles and vasoconstrictor
responsiveness are typically unaltered [72-74]. The membrane potential (E,,) and
afferent arteriolar dilation are closely related in subjects with DM. Krp channels
are quiescent in normal rats but exert a vasodilatory effect on afferent arteriolar
tone during the hyperfiltration stage of diabetes. Increases in both the functional
availability and basal activation of Kurp channels promote afferent arteriolar vaso-
dilation during the early stage of DM, changes that likely contribute to the etiology
of diabetic hyperfiltration [73]. However, the involvement of Karp channels in the
renal afferent arteriolar dilation during the early stage of DM is still controversial.
Additional studies are needed to completely elucidate the potential roles of renal
vascular Karp channels in early diabetic hyperfiltration [74].

5. Ky channel in VSMCs

Ky channels comprise a large family of channels that are expressed in both excit-
able and nonexcitable cells. In excitable cells, such as neurons or cardiac myocytes,
the control of the resting membrane potential (resting E,,) and frequency and
duration of action potentials depend on Ky channels. In nonexcitable tissues, these
channels are involved in various processes ranging from secretion to cell prolifera-
tion [75]. In humans, Ky channels are encoded by 40 genes, and each Kv channel
gene encodes a single protein; functional Kv channels are divided into 12 subfamilies
(Ky1-Ky12). All mammalian Ky channels consist of four a-subunits and six trans-
membrane a-helical segments (51-S6), and a membrane-reentering P-loop forms
each a-subunit. This ion conduction pore is lined by four S5-P-S6 sequences. The
four S1-S4 segments, each containing four positively charged arginine residues
in the S4 helix, act as voltage sensor domains and “gate” the pore by “pulling” on
the S4-S5 linker [76, 77]. The large number of Ky channel genes combined with
the possibility of heterotetramerization creates a large functional diversity of Ky
currents. This diversity is increased by the interactions of these channels with
accessory proteins that are capable of modulating the gating properties and assist in
trafficking and multimerization [75]. Since the Ky channel subunits form homo and
heterotetramers, the biophysical properties, physiological regulatory mechanisms,
and pharmacological properties of these channels vary. Although the Ky1.1-1.6
mRNAs have been detected in rat cerebral arteries, only the Ky1.2 and 1.5 proteins
were detected, suggesting that in the cerebral vasculature, the functional Ky chan-
nel is a Ky1.2/1.5 heterotetramer. Members of the Ky1 and Ky2 family are postulated
to be the predominant Kv channels that regulate arterial tone (Table 1) [78, 79].

Ky channels regulate membrane potential. Numerous studies have been con-
ducted to explore the mechanisms by which these channels affect vascular tone in
subjects with hypertension. Under Ca**-replete conditions, Ky currents in arterial
SMCs from hypertensive animals are altered. Ky1.2 is expressed at higher levels,
whereas Ky1.5 is expressed at the same levels in SMCs from hypertensive animals
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Family Subtypein vascular Gene name Inhibitor
Ca**-activated K* KCa1(BKCa) KCNMA1 Iberiotoxin (IBTX)
channels KCNMB1-4 Charybdotoxin
(Kca) Paxilline
KCa2(SKCa) KCNN1-3 Apamin

UCL1684

TRAM-34

Psora-4

KCa3(IKCa) KCNN4 Charybdotoxin

Clotrimazole

TRAM-34

NS6180

Psora-4
ATP-sensitive K* Kir6.1 KCNJ8 Glibenclamide
channels Tolbutamide
(Kisre) Kir6.2 KCNJ11 Tolbutamide

Glibenclamide

ML133
Voltage-gated K* Kvl KCNA 4-Aminopyridine (4-AP)
channels Tetraethylammonium
(Ky) (TEA)

Correolide

a-Dendrotoxin

Kv2 KCNB 4-Aminopyridine (4-AP)
Tetraethylammonium
(TEA)
Ba?*
SsmTx-1

Kv7 KCNQ TEA
Linopirdine
XE991
Chromanol 293B

Table 1.
The three family members of K* channels.

than in cells from normal animals [80]. Li et al. confirmed the effect of exercise
training on alterations in Ky expression in thoracic aorta smooth muscle cells from
spontaneously hypertensive rats (SHR). Rats were divided into three groups, a
sedentary spontaneously hypertensive group (SHR-SED) and an exercise training
spontaneously hypertensive group (SHR-EX), along with age-matched Wistar-Kyoto
rats (WKYs) as the control group. Significantly, lower levels of the Ky1.2 and Ky1.5
channels were detected in the SHR-SED group than in the WKY group, while this
decrease was inhibited in the SHR-EX group. Exercise training reverses the patholog-
ical expression of the Ky1.2 and Ky1.5 channels in aortic myocytes from SHRs, and
thus is one of the favorable effects of exercise training on large conduit arteries [81].
The Ky1.5 protein is present in the vascular smooth muscle layer of both por-
cine and human coronary arteries, including microvessels [82]. The mean arterial
pressure (MAP), myocardial blood flow (MBF), and ejection fraction (EF) have
been measured in wild-type (WT) mice, mice null for Ky1.5 channels (Ky1.577),
and mice with inducible, smooth muscle-specific expression of Ky1.5 channels
(on Ky1.57~ and wild type backgrounds). During a norepinephrine (NE) infu-
sion, significantly lower values for EF and MSF were observed in Ky1.5”'~ mice
than in WT mice. The expression of Ky1.5 channels in smooth muscle in mice
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on the null background rescued this phenotype of impaired metabolic dilation,
indicating that Kv1.5 channels in vascular smooth muscle play a critical role in
coupling myocardial blood flow to cardiac metabolism. The absence of these
channels disassociates metabolism from flow, resulting in cardiac pump dysfunc-
tion and tissue hypoxia [83].

In addition to the Ky1 family, the Ky7 (Ky7.4 and Ky7.5) family has recently
been shown to be a major determinant of vascular tone. Ky7 is expressed at similar
levels in the murine aorta, carotid, femoral, and mesenteric artery, whereas the
expression of Ky7.4 and Ky7.5 is greater than or equal to Ky7.1 [84]. By activating
Ky7.4 channels, the application of 4-aminopyridine (4-AP) to noradrenaline-
preconstricted rat mesenteric arteries contributes to the relaxation of the vessel
[85]. The interaction between microRNAs (miRs) and Ky7.4 is also important in
the vasculature. The expression of miR153 is increased in mesenteric, renal, and
thoracic aortic arteries from SHRs compared to NT rats. In SHRs, the expression
of Ky7.4 is decreased, whereas this change is not consistently associated with a
change in transcript level because a difference in mRNA levels was not observed
in renal and mesenteric arteries between SHRs and normotensive (NT) rats. Ina
study using synthetic RNA molecules, miR153 repressed the translation of Ky7.4
mRNA rather than degrading the transcript. Thus, miRs regulate the expression
of Kv7.4 in the vasculature, and this post-transcriptional regulatory pathway
might contribute to vascular dysfunction [86].

6. Conclusions and further perspective

Studies performed over several decades have substantially improved our knowl-
edge of the expression of K* channels in the vascular system and their roles in regulat-
ing vascular tone and tissue perfusion. Dysfunctional K* channels can alter vascular
homeostasis through heterogeneous and complex mechanisms. K* channels are targets
for gene therapy for hypertension. The BK f; subunit, Ky 1.5, Ky 7.4, and some other
genes should be studied as gene therapy targets. However, some remaining questions
still deserve to study. How these K* channels work in microvasculature? How can we
design better drugs to target these channels with some degree of specificity?
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Chapter 3

L-Arginine/Nitric Oxide Pathway
and KCa Channels in Endothelial
Cells: A Mini-Review

Marcelo Gonzdlez and José Carlos Rivas

Abstract

The endothelium is an organ with a key role in the maintenance of cardiovascular
health through the regulation of vascular tone, vascular resistance, blood flow,
and arterial pressure. These functions are related with the synthesis and release of
vasoactive molecules, mainly vasodilators like nitric oxide (NO) and endothelium-
derived hyperpolarizing factor (EDHF). Both factors are released and diffused from
endothelial cells to the smooth muscle cells, where there is a subsequent activation
of signaling pathways that finally decrease the intracellular calcium to induce the
vascular relaxation. The study of the molecular mechanisms that underlie the
endothelial function still is in development, but from the evidence obtained from
the endothelial cells iz vitro studies are possible to partially describe the pathways to
regulate the physiological endothelial function and the disturbances in pathological
conditions. In this mini-review, we describe the main mechanisms for NO synthesis
and the role of potassium channels related with EDHF. We include schemes and
graphical summaries for better understanding of the molecular regulation of vascular
tone in the human cardiovascular system.

Keywords: L-arginine, nitric oxide, potassium channels, endothelium

1. Characteristics of the endothelium

The endothelial cells (ECs) have mesenchymal origin, length of 25-50 pm and
form a flat epithelium called endothelium. The endothelium in a human adult is
composed of approximately 1-6 x 10" cells, constituting an organ that weighs
approximately 1 kg and covers a surface area of approximately 1-7 m”* [1]. For
decades, the endothelium was considered as a simple barrier between blood and the
rest of the body’s tissues. However, since the early 1980s, this vision changed radi-
cally [2] and, today, the endothelium is considered a true organ that fulfills multiple
functions in the physiology and pathophysiology of vascular system, including
autocrine, paracrine, and endocrine actions and the regulation of coagulation and
fibrinolysis processes [3].

One of the most important functions of endothelial cells is their participation in
the regulation of vascular tone. In the classic article of Furchgott and Zawadzki in
1980, it was demonstrated that the presence of the endothelium is essential for the
vasodilator effect induced by acetylcholine in isolated blood vessels pre-constricted
with norepinephrine. In those years, it was proposed that the vasodilation was
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produced through a factor that was released by the endothelium in response to
agonists [4]. This factor was called the endothelial-derived relaxing factor (EDRF)
[5]. Between 1986 and 1990, it was concluded that this factor corresponded to nitric
oxide (NO) [6, 7]. The endothelium responds to mechanical stimuli such as pres-
sure and flow stress (“shear stress”), hormonal stimuli, and vasoactive substances
that regulate the vascular tone. The endothelial cells release molecules that regulate
vasomotor function, inflammation, and hemostasis. Vasodilators agents include
NO, prostacyclin, and endothelium-derived hyperpolarizing factor (EDHF).
Vasoconstrictors agents include endothelin 1, angiotensin II, thromboxane A2, and
reactive oxygen-derived species (ROS). Inflammatory mediators include NO, inter-
cellular adhesion molecule 1 (ICAM-1), vascular adhesion molecule 1 (VCAM-1),
E-selectin, and NF«B (Figure1 [8]).

Since the discovery of NO, the mechanisms of endothelial cell activation
and endothelial dysfunction have been studied. In this way, the quiescent endothe-
lial cells express a vasodilator, anticoagulant, and anti-adhesive phenotype,
while the activated endothelial cell expresses procoagulant, pro-adhesive, and
vasoconstrictive properties [9]. It has been considered that the decrease in
the capacity of the vascular endothelium to stimulate vasodilation generates
endothelial dysfunction, a phenomenon that is observed in several pathologi-
cal conditions such as hypertension, hypercholesterolemia, diabetes mellitus,
hyperhomocysteinemia, chronic kidney failure, chronic heart failure, etc.
Although the molecular basis for endothelial dysfunction is not fully under-
stood, numerous studies point to decreased biosynthesis and/or NO activity as
a central mechanism [10-13].

Shear stress
Hormones
Oxygen levels

Changes of expressian and activity

Activation of signaling pathways, enzymes, calcium levels
|
I 1

Endothelin-1 ROS T NO EDHF PGlI,

. ¥ I

Vasoconstriction Vasodilatation

A

Vascular Health

Figure 1.

Vascular tone regulation. The vascular tone is partially vegulated by the local factors secreted by endothelial
cells (ECs) in response to physical factors like shear stress and humoral and chemical factors like hormones and
oxygen levels. The changes in blood flow ave detected by membrane proteins, mainly receptors (Rs), transporters
(T5), and ion channels (ICs). There is a network connecting the activities of these proteins through signaling
pathways that induce the release of different mediators like thromboxane A2 (TxA2), endothelin 1, reactive
oxygen species (ROS), nitric oxide (NO), endothelium-derived hyperpolarizing factor (EDHF), or prostacyclin
(PGI2), among others. The equilibrium between the vasoconstrictors and vasodilators factors maintains the
endothelial function and vascular health.
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2. Synthesis of nitric oxide in the endothelium

NO is synthesized from the semi-essential cationic amino acid L-arginine, which
must be transported from the extracellular space into the endothelial cell by a family
of cationic amino acid transporters (CATs) [14]. This amino acid is the substrate in
a reaction where the metabolic product corresponds to L-citrulline in an equimolar
proportion with the coproduct NO [15, 16]. This reaction is catalyzed by the enzyme
NO synthase (NOS), which can be classified into their constitutive forms (cNOS)
and their inducible form (iNOS) [17]. The cNOS includes the endothelial isoform
(eNOS) and the neuronal isoform (nNOS), both producing NO in short bursts at low
concentrations (nM) and in a calcium-dependent manner to fulfill the physiological
functions of NO. The physiological activity of eNOS is dependent on several cofactors
and is regulated by signaling pathways that induce phosphorylation in different sites
for activation (serine 1177) or inhibition (threonine 495) [17]. NO diffuses from
endothelial cells to smooth muscle cells (SMCs) and activates the soluble guanylate
cyclase (sGC) pathway, to reduce the intracellular calcium and induce vasodilation
(Figure 2). iNOS is mainly expressed in cells that participate in the inflammatory
response after induction by cytokines and other inflammatory mediators, producing
NO in high concentrations (uM) and independently of calcium [18-20].

The availability of NO in vivo is regulated by a combination of NO synthesis and
inactivation. The decrease in the availability of NO may be due to a lower expression
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Figure 2.

L-%rginine transport and nitric oxide synthesis in endothelial cells. hCAT-1 is a protein expressed in plasma
membrane of endothelial cells, mainly in plasma membrane invagination called caveolae. The L-arginine
enters to the cell from blood and is used by eNOS to synthesize L-citrulline and nitric oxide (NO). The eNOS
needs different cofactors to maintain its function, which include tetrahydrobiopterin (BH ), nicotidamine
adenine dinuclotide phosphate (NADPH), and heat shock protein 90 (Hsp9o). Nitric oxide diffuses through
the cell membranes and enters the smooth muscle cells to activate the soluble guanlylate cyclase (sGC). The sGC
synthesiges cyclic GMP (¢cGMP), which activates protein kinase G and, after subsequent steps, the intracellular
calcium decreases to induce the vasodilation.

49



Vascular Biology - Selection of Mechanisms and Clinical Applications

or activity of eNOS, as a result of the action of endogenous and exogenous inhibitors
or due to the lower availability of the substrate L-arginine [8, 14]. The availability of
NO can also be diminished by the rapid reaction between NO and reactive oxygen-
derived species (ROS) [13].

3. Reactive oxygen-derived species (ROS) in endothelium

Endothelial cells generate ROS, including the superoxide radical (O, "), hydrogen
peroxide (H,0,), peroxynitrite (ONOO"), hydroxyl radical (OH), among others
[15, 16]. In endothelial cells, the main sources of ROS are the enzymatic complex
xanthine oxidoreductase (XOR) [17], the complex of membrane nicotinamide
adenine dinucleotide phosphate oxidase (NADPH oxidase) [18], eNOS itself when it
is “uncoupled” due to lack of tetrahydrobiopterin (BH,) or L-arginine [19], mito-
chondrial cytochromes [20], and hemoglobin [21].

Among all endothelial ROS sources, NADPH oxidases are enzymes whose
primary function is the generation of ROS and they play an important role in redox
signaling [22]. On the other hand, the activity of NADPH oxidase can cause the
uncoupling of eNOS by the oxidative degradation of BHy, leading to the eNOS-
dependent synthesis of O, and detriment of the synthesis of NO [18, 23]. Once
O, is synthesized, it can act as a precursor to other ROS due to its use by superoxide
dismutase (SOD) to generate H,0, that has greater stability and capacity to cross
biological membranes, and it therefore can act as a modulator of signal transduc-
tion pathways [24]. Furthermore, O, reacts quickly with NO to generate ONOO",

a powerful oxidizing agent that causes DNA fragmentation and lipid oxidation [25].

It is currently postulated that the mechanism by which O, “kidnaps” NO
would play a central role in the development of endothelial dysfunction that is
seen in pathologies such as diabetes mellitus [26-28], preeclampsia [29, 30], and
hypertension [31].

4. L-arginine transport in human fetal endothelium

The amino acid L-arginine is taken up by endothelial cells through the trans-
porter systemsy*, y'L, b%*, and y B%* [32-35]. Of these systems, there are two that
have been described in HUVEC, that is, y* system [36-38] and y‘L system [39].

The y* system family is currently known to include at least five cationic amino acid
transporters (CATs) called CAT-1, CAT-2A, CAT-2B, CAT-3, and CAT-4. CAT-1is
expressed ubiquitously, CAT-2A and CAT-3 are constitutively expressed in liver and
brain, respectively, while CAT-2B is induced in a variety of cell types in response to
bacterial endotoxins and pro-inflammatory cytokines [40, 41]. CAT-4 corresponds to
a cDNA sequence with 41-42% identity with the other members of the CATs family,
but its transport activity has not yet been determined [32, 34, 35]. CAT-1, CAT-2B,
and CAT-3 are characterized by high affinity to the substrate (K, = 100-400 pM)
and independency of Na®, while CAT-2A has low affinity for cationic amino acids
(Km = 2-5 mM). Two members of CATs have been reported to be expressed in
HUVEC, that is, hCAT-1 and hCAT-2B, while hCAT-2A and hCAT-3 transport-

ers have not been detected in this cell type [34, 36-39] (Table1). Although the
hCAT-1 and hCAT-2B transporters have similar kinetic characteristics, it is possible
to differentiate them by their different sensitivities to L-lysine trans-stimulation.

In Xenopus laevis oocytes injected with hCAT-1 and hCAT-2B mRNA, L-lysine
increases L-arginine transport by 9.8-fold and 1.8-fold, respectively [42]. Thus, for
L-lysine trans-stimulation assays in HUVEC, it has been possible to determine that
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Gene Protein K (uM) Distribution

SLC7A1 CAT-1 70-250 All tissues except liver and lacrimal gland
SLC7A2 CAT-2A 2.2-52 Liver, skeletal muscle, and pancreas
SLC7A2 CAT-2B 38-380 Endothelium, and inducible in several tissues
SLC7A3 CAT-3 40-120 Thymus, ovary, testes, and brain
SLC7A4 CAT-4 — Brain, testes, and placenta

Proteins CAT are coded in different genes (except CAT2A and 2B, same gene), have different kinetic constants for
the transport of L-arginine (K,,) and distribution in tissues.

Table 1.
CATS’ family members.

the hCAT-1 transporter accounts for 60-80% of the total uptake of L-arginine in
physiological conditions [36-38]. The importance of the hCAT-1 transporter in NO
synthesis has been confirmed through a transgenic mouse model that overexpresses
the protein exclusively in the endothelium. Aortic rings obtained from these trans-
genic mice have a higher sensitivity to relaxation in response to acetylcholine com-
pared to native mice, while endothelial cell cultures obtained from these animals,
that overexpress hCAT-1, exhibit a greater NO synthesis [43].

5. Regulation of the expression of hCAT-1

Regarding the gene organization of CAT transporters, it is known that the SLC7
family is phylogenetically composed of two subfamilies formed by cationic amino
acid transporters (CATs) and glycoprotein-associated amino acid transporters
(HATS). The cationic amino acid transporter family is encoded by the SLC7A (1-4)
genes and corresponds to proteins with 14 transmembrane domains [44]. Specifically,
the gene that encodes the hCAT-1 protein corresponds to SLC7A1 whose open reading
frame is formed by 11 exons and 10 introns. The gene is located on chromosome
13q12-13q14 [45].

Among the genes encoding CAT-1 in rat, mouse and human have common char-
acteristics: the promoter region lacks TATA box, and they have multiple binding
sites for the transcription factor specific protein 1 (Spl) and they have an extensive
3’ non-translatable region (3'UTR) that could perform functions in the regulation
of mRNA stability or in translation [46-49]. In rats, stress by amino acids depriva-
tion induces an increase in the rCAT-1 mRNA expression by a mechanism related
to increased mRNA stability [46]. This increased mRNA stability would be related
to the presence of a regulatory region within the 3'UTR sequence of the gene [47].
Subsequent experiments have shown that the effect of amino acids deprivation on
rCAT-1 expression would depend on both transcriptional [48] and posttranscrip-
tional mechanisms [50].

In humans, it is known that insulin increases leg blood flow in healthy subjects
via stimulation of endothelial NO synthase (eNOS) [51]. Insulin also increases the
synthesis and release of NO and release in primary cultures of HUVEC [38, 52].
Biological effects of insulin involve activation of several transcription factors, includ-
ing Spl in several cell types [53, 54]. Insulin increases Spl nuclear protein abundance
and its binding to a proximal region (-177 and -105 bp from ATG) of the SLC7A1
promoter containing four consensus sequences for Spl [55]. Interestingly, in
patients with essential hypertension, a reduction of SLC7A1 transcriptional activ-
ity due to reduced Spl activity in the promoter region has been reported [12]. So,
the transcriptional regulation of SLC7A1 is relevant for cardiovascular physiology,

51



Vascular Biology - Selection of Mechanisms and Clinical Applications

and the reduction of the promoter activity of this gene could be associated with
cardiovascular disease (CVD).

On the other hand, the first intron of SLC7A1 may play a bifunctional role in
regulating the SLC7A1 transcriptional activity by the binding of the purine-rich
element binding protein A (Pur alpha) in physiological conditions and by activating
the transcription factor 4 (ATF4) in endoplasmic reticulum stress or by decreasing
the SLC7A1 transcriptional activity by the C/EBP homologous protein 10 (CHOP)
binding in C6 rat glioma cells [56].

For the physiological regulation of hCAT-1 activity, both transcriptional regula-
tion of SLC7A1 and/or posttranscriptional regulation of SLC7A1 transcript are
relevant for the protein expression and L-arginine transport [55]. Insulin increases
the expression of SLC7A1 gene due to an increased transcriptional activity, most
likely due to higher Spl activity. So, hCAT-1 expression and activity are regulated by
insulin in endothelium, suggesting that in insulin resistance there is a reduction of
L-arginine transport and NO synthesis that contributes to endothelial dysfunction
and cardiovascular diseases.

6. High D-glucose and expression and activity of L-arginine/NO
pathway

Hyperglycemia and diabetes mellitus are pathological conditions associated
with fetal endothelial dysfunction [55] and type 2 diabetes mellitus (T2DM) [57]
or cardiovascular disease (CVD) [58]. CVD in patients with diabetes mellitus is
associated with the generation of ROS.

High concentration of D-glucose (25 mM) increases L-arginine transport
and cGMP accumulation in endothelium in a similar manner to that observed in
HUVEC from pregnancies with gestational diabetes [33, 59]. Increased L-arginine
transport in response to incubation with high D-glucose has been related to
increased mRNA levels for the hCAT-1 and eNOS activity in HUVEC [60]. In
human aortic endothelial cells, prolonged incubation (7 days) with 25 mM
D-glucose induces a decrease in eNOS activity (determined by nitrite content),
protein abundance, and mRNA level. This effect is associated with a decrease in
eNOS promoter activity [61]. In bovine aortic endothelial cells (BAECs), there
is a lower production of insulin-induced NO when the cells were incubated with
high extracellular concentration of D-glucose, an effect that seems to depend on a
signaling pathway that involves to the type 1 insulin receptor (IR-1), phosphatidyl
inositol 3 kinase, and the inhibitor of nuclear factor kappa-B kinase [62]. On
the other hand, the increase of cGMP production induced by high D-glucose in
HUVEC is blocked by incubating the cells with 1 nM insulin [63]. Incubation with
1 nM insulin (8 h) has been shown in this same cell type to be sufficient to block
the effect that D-glucose has on the decreased transport of adenosine [64], an
important vasoactive nucleoside [65].

In HUVEC, high extracellular D-glucose increases L-arginine transport, NO
synthesis, and O, generation through eNOS and NADPH oxidase activation.
Additionally, high D-glucose increased the contractile response in the human
umbilical vein. Insulin reversed these effects of high D-glucose, leading to normal
hCAT-1 expression, NO synthesis, ROS generation, and vascular tone. Insulin acts
like antioxidant molecules (like tempol, ascorbic acid) to restore high D-glucose-
increased oxidative stress in the fetoplacental vascular bed [66]. High D-glucose
increases L-arginine transport, likely resulting from higher hCAT-1 expression and
protein abundance in the plasma membrane. This mechanism could be an adap-
tive response of HUVEC to higher ROS generation from high D-glucose-activated
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Figure 3.

Engdothelial dysfunction induced by high D-glucose and protection by insulin in HUVEC. Exposure of HUVEC
to high D-glucose leads to an increase (1) in the plasma membrane abundance of the human cationic amino
acid transporter 1 (hCAT-1) and higher L-arginine uptake. High D-glucose activates NADPH oxidase, leading
to higher generation of ROS, including O,". Insulin restores ROS and O, generation to values in cells exposed
to 5 mM D-glucose (normal), vesulting in the restoration of hCAT-1-mediated L-arginine transport and

nitric oxide (NO) synthesis. High D-glucose and insulin also activate the SLC7A1 promoter region (coding for
hCAT-1) up to -650 bp from the ATG via a mechanism involving ROS and O, generation. In addition, insulin
restores hCAT-1 protein abundance and its distribution in the cells via an NADPH oxidase-independent
mechanism (data from Gonzdlez et al. [66]).

NADPH oxidase. In parallel, high D-glucose increased NO synthesis. Insulin reversed
the high D-glucose-mediated alterations in L-arginine transport involving the
modulation of SLC7A1 gene expression, leading to altered umbilical vein reactivity.
Modulation of hCAT-1 expression and activity by insulin is the key to maintaining
umbilical vein tone and endothelial function in physiologic and pathophysiological
conditions (Figure 3) [66].

7. Role of potassium channels in endothelial function

Another important mechanism that regulates the endothelial function is the
activity of ion channels that modulate the cell membrane potential. The calcium-
activated potassium channels (KCa) have been shown to be relevant to induce
the necessary hyperpolarization to stimulate the relaxation of vascular smooth
muscle cells (related with EDHF). In systemic circulation, large conductance
KCa (BKCa) channels have been shown preferentially expressed in VSMC, mean-
while small (SKCa) and intermediate (IKCa) conductance KCa are preferentially
expressed in endothelium [67, 68]. However, potassium currents inhibited by
iberiotoxin (BKCa inhibitor) have been described in HUVEC stimulated by
sildenafil or insulin [69]. In fact, insulin (10 nM) can directly activate native and
recombinant BKCa currents in cell-attached patch-clamping experiments with a
rapid effect that is MAPK-dependent when the hormone was added in the pipette
[70]. There is evidence that insulin may induce endothelial cell hyperpolariza-
tion by modulating K channels activity [38, 71]. The insulin-induced relaxation
in human placental veins (~368 pm diameter), pre-constricted with U46619, is a
mechanism dependent on the BKCa channel activity. The co-incubation of vessels
with genistein (tyrosine kinases inhibitor) and wortmannin (PI3K inhibitor) did
not block the insulin’s relaxation, and by contrast potentiated the insulin-induced
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Pr%poml of mechanism for KCa activation by insulin. Evidence obtained in endothelial cells (ECs) shows that
insulin activates KCa (mainly BKCa) in a mechanism still not fully understood. The activation of KCa by
insulin induces hyperpolarization (1 AV), leading to activation of eNOS for NO synthesis from L-arginine
uptake by hCAT-1 (modified from Rojas et al. [71]).

vasodilation. Also, insulin decreased perfusion pressure (34 + 3%) in the isolated
cotyledon of normal placenta with a basal perfusion pressure of 64 + 5 mmHg (or
pre-constricted with U46619) [72]. The effects of insulin on BKCa activity are
associated with evidences that show that the constriction induced by U46619 and
H,0; in placental vasculature is partially decreased with 10 nM insulin preincuba-
tion (10 min) in a mechanism totally dependent of BKCa activity [72]. Recently,
it has been determined that insulin-mediated NO synthesis requires the participa-
tion of both IKCa/ BKCa channels and eNOS activity in HUVECs [71]. In the same
cell type, insulin increased the open probability (NPo) of BKCa, associated with
hyperpolarization in single cell analysis [69]. In human placental arteries, the
relaxation induced by the NO donor, SNAP, is partially blocked by charybdotoxin
(BKCa inhibitor) and almost totally blocked by charybdotoxin and ODQ (sGC
inhibitor) [73]. Therefore, an extracellular stimulus that increases the NO avail-
ability activates a mechanism that involves sGC and BKCa activities [71]. These
findings constitute evidence for postulating a new mechanism induced by insulin
in human vasculature related with the physiological regulation of KCa activity for
NO synthesis (Figure 4).

8. Final remarks

The relevance of the endothelium for cardiovascular physiology is well estab-
lished, mainly by findings related to the capacity of endothelial cells to synthesize NO
and regulate the plasma membrane potential of smooth muscle cells. Figure 5 shows
a graphical summary of the L-arginine/NO pathway in the human blood vessels that
highlight the capacity of endothelial cells to respond to extracellular stimuli and
translate the mechanical forces and endocrine signals to intracellular mechanisms
leading to NO synthesis and activation of potassium channels. It is important to note
that the subcellular distribution of hCAT-1 and eNOS is also relevant for endothelial
cells function. In physiological state, hCAT-1 colocalizes with caveolin-1 in the
plasma membrane caveolae in proximity to eNOS.
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Figure 5.

Ro%e of endothelium in the regulation of vascular tone. Endothelial cells, as a part of blood vessels walls,
respond to mechanical stress induced by flow (shear stress) by activation of L-arginine/NO pathway to induce
the NO velease and relaxation of smooth muscle cells (SMCs). Subcellular localization of hCAT-1 in caveolae
is velevant for its function, and the role of potassium channels (BKCa, mainly) has been vecently described as
important for endothelial cells function. The activity of the endothelium is regulated by different agonists like
acetylcholine (Ach) through plasma membrane receptor (AchR) and others like insulin or sevotonin, etc.
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Chapter 4

The Role of Physical Activity on
Insulin Resistance-Associated
Endothelial Dysfunction

Shruti M. Gandhi, Evic S. Nylen and Sabyasachi Sen

Abstract

Enhanced physical activity and cardiorespiratory fitness significantly impact
morbidity and mortality across the spectrum of noncommunicative chronic illnesses
experienced by modern lifestyles. Physical activity itself prompts an intricate inter-
play of physiological responses across vital organ systems including microvascular
adaptations to optimize nutrient, oxygen, and hormone delivery, some of which
involves insulin-mediated regulation. Insulin has been known to act on the vascula-
ture in multiple ways by its effects on endothelium and skeletal muscle blood flow.
This is important to understand as it has implications for conditions associated with
insulin resistance (IR) such as obesity, metabolic syndrome, prediabetes, diabetes,
and polycystic ovarian syndrome among others. These conditions are associated
with increased morbidity and mortality contributed by endothelial dysfunction via
increased atherosclerosis, hypertension, and increased free fatty acid levels. In this
chapter, we will discuss the effects of insulin on the vasculature, IR on the endothe-
lium, and lastly, what impact physical activity may have on such processes.

Keywords: physical activity, insulin resistance (IR), endothelium

1. Introduction

The mechanisms behind the clinical improvements following exercise and the
possible roles of endothelium and adipose tissue towards tissue re-modeling and
regeneration are poorly understood.

The cellular changes resulting from exercise in overweight or obese population
are not fully documented. However, the incidence of overweight and obese popula-
tion who are insulin resistant is gradually increasing. There seems to be an intimate
relationship between fat hypertrophy, fat inflammation, and vascular supply in
metabolic syndrome states such as prediabetes. The vasculature and endothelium in
metabolic syndrome or subjects with prediabetes and insulin resistance are prone to
ROS accumulation and inflammation. Exercise appears to improve endothelial dys-
function in insulin resistant cohort though cell-based data is lacking. The favorable
impact of exercise on cardio-metabolic health depends in part on the concomitant
exercise-induced reduction of adiposity and fat-based inflammation and insulin
resistance.
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2. Insulin as a vascular hormone

Insulin acts as a vascular hormone, mediating its action by several mechanisms
including its effect on cardiac output, endothelium, type and location of vessel, and
skeletal muscle [1].

Cardiac output: it has been established that insulin combined with glucose infu-
sion causes an increase in cardiac output (CO) [2]. High concentrations of insulin
in humans of 70 pU/mL cause a 15% rise in CO by increasing heart rate and stroke
volume [3]. The rise in CO is associated with a decrease in mean arterial pressure
and in turn, a reduction in systemic vascular resistance.

Endothelium: insulin directly acts on the vascular endothelium by binding to
insulin receptors, insulin-like growth factor I (IGF-I) receptors and hybrid insulin/
IGF-I receptors [4]. With the binding of insulin to these endothelial receptors, both
vasodilator (i.e., nitric oxide, NO) and vasoconstrictor (i.e., endothelin 1, ET-1)
substances are released to balance vascular tone. NO causes vasodilation of the
vessels via the activation of insulin receptor substrate-1 (IRS-1) leading to phos-
phatidylinositol 3-kinase (PI-3 kinase)/protein kinase B (Akt.) phosphorylation of
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Figure 1.

Pathway of insulin-mediated release of nitric oxide (NO) and endothelin-1 (ET-1), two peptides that
influence vasomotor tone and risk of atherosclevosis. Insulin directly affects the vascular endothelium by binding
to receptors present on the endothelium which expresses not only insulin receptors but also insulin-like growth
factor I (IGF-I) veceptors and hybrid insulin/IGF-I receptors. These hybrid receptors are expressed 5- to 10-fold
higher concentration than insulin receptors. Potentially, an over-abundance of IGF-1 receptor may result in
vascular insulin vesistance by promoting hybrid veceptor formation which does not vespond to physiological
insulin concentrations while decreasing insulin veceptor availability. As described in the text, insulin initiates
an intracellular cascade of steps resulting in NO or ET-1. GLUT-4 transports glucose across the cellular
membrane following insulin activation or muscle contvaction via a complex of intermediary substrates. The
former is initiated by the PIZBK pathway, while muscle contraction by a PI3K independent pathway.
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Vessel Role Insulin action Mechanism

Conduit Regulate arterial Increases relaxation, Likely NO

arteries compliance, blood pressure increases compliance

Resistance Determines vascular Dilation, decrease vascular NO

arterioles resistance resistance

Terminal Regulate insulin delivery Muscle glucose Insulin, muscle

arterioles, to muscle. Also exchange uptake, recruit muscle contraction,

capillaries nutrients, oxygen and microvasculature angiotensin GLP1,
hormones with muscle adiponectin

Skeletal Muscle contraction Increase blood flow, NO, translocation of

muscle increase glucose uptake GLUTH4 receptors

Table 1.

Role of insulin on various vessels and mechanism.

endothelial NO synthase (eNOS) whereas the ET-1 signaling pathway involves the
mitogen activated protein kinase (MAPK) (Figure 1). During states of high insulin
concentrations, as seen in euglycemic hyperinsulinemic clamp studies or postpran-
dially, insulin’s vasodilatory effect through NO predominates. NO not only decreases
vascular tone but also decreases vascular smooth muscle cell (VSMC) proliferation
and reduces binding of inflammatory cells and platelet aggregation [5].

Type and location of vessels: insulin’s action on the vasculature varies depending
on its site of action along the arterial tree which can include the conduit arteries, the
resistance arterioles, precapillary arterioles and the capillaries (Table 1). It also acts
on the skeletal muscle vasculature and can have effects locally.

The conduit arteries are large arteries which regulate arterial compliance in
response to the ejection volume and stretch in order to maintain blood pressure.
Insulin increases compliance by vasodilation of these vessels in response to NO
release. In human studies with insulin infusion, the responsiveness of the femoral
artery to methacholine-induced vasodilation is increased [4].

The resistance arterioles regulate blood pressure and total blood flow to tissues.
They determine vascular resistance as a change in the size of the vessel (lumen
size) can significantly increase or decrease resistance and thus the amount of blood
supply to the tissues. Insulin via NO production causes dilation of these vessels,
decreases resistance, and increases blood flow.

The microvasculature including the terminal arterioles, capillary networks and
venules regulate insulin delivery to muscle tissues. Insulin action here promotes
glucose uptake, recruitment of muscle vasculature and its own trans-endothelial
transport [4]. This allows for exchange of nutrients, oxygen, and hormones to the
muscle with removal of metabolic waste.

Skeletal muscle: during exercise, skeletal muscle blood flow, capillary recruit-
ment, and GLUT4 translocation to the sarcolemma and T-tubules are augmented
which is essential for glucose uptake and oxidation. Insulin targets the skeletal
muscle by increasing blood flow and glucose uptake, the latter mediated by translo-
cation of GLUT4 transporters to the sarcolemma and transverse tubules as well as to
the surface of the cell (independent of insulin).

3. Insulin resistance (IR) and vasculature
Insulin resistance is characterized by a state of compensatory hyperinsulinemia

due to changes in insulin secretion and/or insulin clearance [6] leading to mild
forms of glucose intolerance, dyslipidemia (high triglycerides, low HDL, small
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dense LDL), and hypertension termed the “insulin resistance syndrome”. As
discussed, during physiological conditions, insulin binding to endothelial recep-
tors leads to phosphorylation of downstream substrates including activation of the
IRS-1, PI3K pathway and subsequent recruitment of GLUT4 to mediate glucose
transport into muscle and other tissues [7]. However, In the IR state, the IRS-1-
PI3K-Akt-NO pathway is muted while the MAPK pathway remains intact [8]. The
unopposed action of ET-1 leads to a shift towards vasoconstriction, increased
arterial stiffness, hypertension, and tissue hypoxia. In addition to this decrease
in NO bioavailability, increases in oxidative stress, inflammatory markers, and
pro-thrombotic mediators (i.e., increased plasma von Willebrand factor, decreased
lipoprotein lipase activity) are seen. More direct evidence for endothelial IR was
shown in freshly isolated arterial endothelial cells where the insulin-induced eNOS-
phosphorylation was negatively associated with oxidative stress markers [9].
During states of IR each vascular site becomes affected and contributes to an
increase in atherosclerosis. At the level of the conduit arteries, IR causes decreased
compliance with a concomitant increase in vessel stiffness, which is a predictor of
coronary artery disease and stroke [10]. The impaired vasodilatory action of insulin
on the resistance arterioles leads to decrease in blood flow to the tissues it supplies. For
example, Baron et al. demonstrated that the inhibition of NO production (similar to
states of IR) causes a decrease in blood flow and glucose uptake in the leg. The termi-
nal arterioles in patients with IR showed a blunted response to mixed meal in brachial
blood flow and forearm microvascular recruitment compared to lean subjects [3].
Oxidative stress: hyperglycemia due to IR also induces generation of reactive
oxygen species (ROS) by activation of the NADPH oxidase system. ROS acti-
vates multiple pathways linked with cell growth, proliferation and modifies NO
bioavailability. One such pathway includes the renin-angiotensin system which
is inappropriately activated in settings of IR. Interestingly, during continuous
insulin infusion, Angiotensin 2 receptor antagonism resulted in whole-body insulin
resistance and attenuation of microvasculature recruitment [5]. The mechanism
may involve increased binding to Angiotensin 1 receptors, which have been shown
to increases oxidative stress and cause vasoconstriction through decreased bio-
availability of eNOS and increased ROS. Chai et al. has shown that when AT2R is
blocked, there is decreased microvascular blood flow by 80% along with reduced
glucose extraction [11].

4, The effect of exercise on insulin resistance and vasculature

It is well established that exercise augments insulin signaling independent of
PI3K, while the combination of skeletal muscle contraction and insulin additively
enhances glucose transport via GLUT4 translocation. A plethora of studies have
reported that regular physical activity is effective in patients with IR, such as type
2 diabetes, prediabetes and metabolic syndrome, in improving glucose tolerance,
insulin sensitivity, glycosylated hemoglobin levels (HbAlc) and morbidity and
mortality [12]. For instance, adults with IR were found to have improvements in
hepatic and peripheral insulin sensitivity after 12 weeks of aerobic exercise. Shorter
term studies (i.e., 7 days) have also demonstrated similar improvements in insulin
sensitivity in obese patients [13]. Lifestyle interventions such as diet modifications
added to 12 weeks exercise training showed further enhancements in addition to
insulin sensitivity including fatty acid oxidation, post-prandial hyperinsulinemia
and systolic resting blood pressure [14].

Exercise and the endothelium: exercise causes several adaptations to IR in the
vasculature in both the skeletal muscle and endothelium. Vessel wall shear stress
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generated by exercise activates the PI3k/Akt/NO signaling pathway resulting in
increased expression of eNOS and improved endothelial vasodilation and vascular
remodeling [15]. Vessels with high shear stress are considered anti-atherogenic
(low ET-1, high NO bioavailability) as opposed to low shear stress environments
(high ET-1, low NO bioavailability). In patients with Type 2 diabetes, 8 weeks of
combined aerobic and resistance exercises improved flow mediated dilation (FMD)
of the brachial artery suggesting increased shear stress and improved endothelial
vasodilation [16]. Exercise improved FMD, microvascular perfusion in muscles

of older adults relative to sedentary adults in nondiabetic subjects with metabolic
syndrome [14]. Finally, insulin sensitization without exercise also augments FMD
in prediabetes [17].

Skeletal muscle: during exercise, blood flow to the skeletal muscle increases up to
100-fold through vasodilation and recruitment of capillaries to help maximize oxy-
gen extraction as well as insulin delivery to the skeletal muscle [5]. Pivotal studies
investigated the vascular effects of exercise training on insulin [7, 15, 18]. Single leg
cycle exercises over a 10-week period improved insulin stimulated glucose uptake
and vasodilation in the trained limb post exercise training for both healthy and IR
subjects. Moreover, insulin stimulated vasodilation in the lower limb is greater in
endurance trained athletes compared to otherwise healthy sedentary controls [7].

5. Endothelium and endothelial progenitor cells

Endothelial cells constitute the innermost layer of blood vessel and promote
vascular homeostasis and angiogenesis. Endothelial cells can secrete several
mediators that can alternatively mediate vasoconstrictors, such as endothelin-1
and thromboxane A2, or vasodilators, such as NO, prostacyclin, and endothelium-
derived hyperpolarizing factor. Since hyperglycemia and IR can negatively impact
NO secretion from the endothelium, with vasoconstriction, vessel wall stiffness,
platelet aggregation and diminished angiogenesis, there is a counter-regulatory
reparatory cellular response by circulating endothelial progenitor cells (EPCs).
These are immature bone marrow derived cells that can differentiate into mature
endothelial cells. These cells home in on areas that experience vascular injury or
ischemia by way of circulating growth factors and cytokines to initiate repair of the
endothelial surface and stimulate neovascularization and angiogenesis. In condi-
tions such as diabetes with vascular damage, the presence of diminished circulating
EPCs constitute cellular biomarkers of compromised cardiovascular health [19]. In
subjects with IR such as metabolic syndrome, decreased EPC number and impaired
functionality prognosticates increased cardiovascular risk [20]. Interestingly,
exercise promotes the production and numbers of EPCs [19, 21] putatively related
to the anti-apoptotic effect of NO [22]. EPCs are also stimulated by exercise in
aging studies. Moreover, the migratory function of EPCs is improved by exercise
in subjects with IR [19, 23]. The degree of exercise dose appears to influence the
overall EPC response [23]. In presence of insulin resistance but not overt diabetes,
CPAP therapy improves endothelial health and EPC parameters [24].

Exercise, endothelium and fat derived mesenchymal stromal cells (MSCs): clini-
cal trials are necessary to investigate the possible cellular and molecular pathways
that may impact endothelium and fat metabolism. Identification of the pathways
that influence crosstalk between endothelium and fat, and thereby improve cardio-
metabolic health in the elderly and young subjects is important to identify. The
process will help to identify genes and cell differentiation pathways that may change
fat derived stem cell differentiation, following exercise training in the elderly and
the young subject cohorts, which will subsequently influence the mesenchymal
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structures of our body. Our study [25] appears to indicate that exercise promotes
osteogenic differentiation but not myogenic differentiation in the middle-aged
veteran population with mean age of 51 years. However, whether osteogenic differ-
entiation of adipose tissue derived mesenchymal stromal cells (MSCs) also occurs in
young and the elderly is unknown. Myogenic differentiation in response to exercise
is well documented [26], and different types of exercise appear to influence the
differentiation depending on plasma-based differentiation factors [26]. However,
the exact mechanism of how exercise modifies mesenchymal stromal cell (MSC)
differentiation in the body needs further investigation. Prior to our recent studies,
we would have hypothesized that exercise will promote myogenic differentiation
in all age groups, however the differentiation of stem cells may be dependent upon
the need of the body to regenerate a particular tissue lineage at a particular age. For
example, exercise promotes myogenic differentiation in the young [26] whereas
endothelial function improvement and bone regeneration may be more important
in the elderly [27, 28].

6. Summary

Exercise is an important modifiable risk factor that significantly attenuates
cardiovascular morbidity and mortality. Physical activity is associated with
enhanced cardiorespiratory fitness which significantly attenuates IR, and some
of these effects are mediated by augmented endothelial action of insulin. These
vascular effects of exercise include an increase in endothelium-dependent vasodila-
tion through increased NO bioavailability, suppression of ET-1, increased capillary
density, and reduction in ROS.

Finally, exercise appears to rejuvenate endothelial function by recruitment of
exercise responsive EPCs and influences MSC differentiation.
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Chapter 5

Therapeutic Applications and
Mechanisms of YC-1: A Soluble
Guanylate Cyclase Stimulator

Chieh-Hsi Wu, Chun-Hsu Pan and Ming-Jyh Sheu

Abstract

Nitric oxide (NO) is an essential endogenous vasodilator to maintain vascular
homeostasis, whose effects are mainly mediated by NO-dependent soluble guanyl-
ate cyclase (sGC) which catalyzes the synthesis of cyclic guanosine monophosphate
(cGMP)), a critical mediator of vascular relaxation. YC-1, a novel NO-independent
sGC stimulator, was first introduced as an inhibitor of platelet aggregation and
thrombosis. Accumulating studies revealed that YC-1 has multiple medication
potentials to use for a broad spectrum of diseases ranging from cardiovascular
diseases to cancers. In contrast to NO donors, YC-1 has a more favorable safety
profile and low medication tolerance. In this chapter, we introduce canonical and
pathological roles of NO, review activations, and regulatory mechanisms of YC-1
on NO-independent sGC/cGMP pathway and present the potential pharmacological
applications and molecular mechanisms of YC-1.

Keywords: nitric oxide, soluble guanylate cyclase, YC-1

1. Introduction

Since the discoveries of the biological effects of NO on physiological actions
mediated by cGMP, delineation of the molecular mechanism of NO actions and
understanding of NO activation of guanylate cyclase (GC) and the subsequent
signal processes have been greatly advanced [1]. NO can function as an intracellular
messenger, an autacoid, a paracrine substance, a neurotransmitter, or as a hormone
that can be carried to distant sites for effects [1, 2]. It is therefore a unique simple
molecule with diversified physiological functions.

2. Canonical function of NO

NO, initially known as the endothelium-derived relaxing factor (EDRF), isa
gas molecule and free radical with an unpaired electron which has been shown to
be involved in an ever-growing list of biological processes. NO generated in the
tissue binds to major physiological target, haem moiety of GC, activating the cGMP
cascade. The GC family is composed of two members including membrane-bound
GC and soluble GC (sGC). Membrane-bound GC is a receptor responsive to atrial
natriuretic peptide (ANP), and sGC acts as the NO sensor. NO exerts its biological

73 IntechOpen



Vascular Biology - Selection of Mechanisms and Clinical Applications

effects by activating sGC to increase the cGMP level and vascular effects known to
be mediated by cGMP such as vasodilation, inhibition of platelet aggregation, and
inflammatory reaction. Cyclic GMP modulates a number of signaling processes
downstream of NO. The NO-cGMP cascade can be regulated by pharmacological
modulation of protein kinases, phosphodiesterases (PDE), and ion channels to
alter vascular tones as well as endothelial and vascular smooth muscle cell growth.
Pharmacological alteration of the NO level has been a major strategy to develop
therapeutic agents for cardiovascular diseases.

Deguchi and his colleagues found that GC activity in the supernatant of neu-
roblastoma and brain preparations were activated by L-arginine which has been
identified as an endogenous activator of sGC [3]. Hibbs et al. noted the latter that
the cytotoxic properties of macrophages in co-cultures with tumor cells could be
enhanced with L-arginine but suppressed by N-N-methyl-arginine (LNMA), an
inhibitor of nitric oxide synthase (NOS) [4]. This cytotoxicity action was accom-
panied by accumulation of nitrite in the conditioned medium. These important
studies provide the insight to identify a pathway of L-arginine metabolism that
could produce NO and nitrite.

NOS is a group of isozymes which convert L-arginine to L-hydroxyarginine and
subsequently to NO and L-citrulline through cofactors including reduced nico-
tinamide-adenine dinucleotide phosphate (NADPH), flavin adenine dinucleotide
(FAD), flavin mononucleotide (FMN), and tetrahydrobiopterin (BH4) [5]. The first
NOS isoform to be identified was the neuronal NOS (nNOS or named as NOS-1)
[6]. This was followed shortly thereafter by inducible NOS (iNOS), also known as
type Il NOS (NOS-2) [7], and then by endothelial NOS (eNOS or named as NOS-3)
[8]. NOS can also be inactivated by asymmetric dimethyl arginine (ADMA), an
endogenous and competitive inhibitor of NOS [9-11].

3. Pathological role of NO

NO is essential in the maintenance of vascular homeostasis including smooth
muscle relaxation, inhibition of platelet aggregation, attenuation of vascular
smooth muscle cell (VSMC) proliferation, neurotransmission, and immune defense
[12]. Therefore, the impaired NO pathway has been implicated in endothelial
dysfunction and pathogenesis of a number of diseases featuring inflammatory
reaction. These include arthritis, myocarditis, colitis, and nephritis. Altered NO
synthesis has been noted in selected pathologic conditions such as amyotrophic lat-
eral sclerosis, cancer, diabetes, and neurodegenerative diseases [13, 14]. In general,
physiological NO actions on target tissues are brief, reversible, and dependent on
the downstream cGMP-dependent signaling events. Conversely, the pathological
actions noted with excessively and sustained NO production involved NO interac-
tion with superoxide to generate peroxynitrite, a highly reactive free radical which
exhibits the toxic actions of potent oxidants. Peroxynitrite, independent of the
cGMP signaling events, has been implicated in oxidative injury noted in a number
of disease models [15-17]. In addition to its free radical actions, peroxynitrite
inactivates prostacyclin synthase to reduce prostacyclin levels, leading to vascular
dysfunction [18].

ADMA, arisk factor for cardiovascular diseases, inhibits NOS to reduce bio-
synthesis of NO, resulting in impaired blood flow, accelerated atherogenesis, and
suppressed angiogenesis [19]. ADMA is involved in the development of endothelial
dysfunction. In essential hypertension patients, the L-arginine and ADMA levels are
elevated and inversely related to endothelial function [20, 21]. Endothelial func-
tion depends on the integrity of eNOS and the availability and vascular signaling of
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NO. In clinical settings, endothelial dysfunction is important because it may develop
hypertension and atherosclerosis and therefore is a predictor in ensuing cardio-
vascular diseases [22]. In hyperhomocysteinemia, an increase in ADMA has been
linked to impaired vascular endothelial function. Elevated homocysteine levels exert
inhibitory effects on the expression or activation of dimethylarginine dimethylami-
nohydrolase (DDAH) [23-27]. Two isoforms of DDAH, DDAH-1 and DDAH-2, were
identified in tissues expressing nNOS and eNOS, respectively [28]. Both DDAH iso-
forms are expressed widely in different organs, with higher content found in the liver
and kidney [29]. Similarly, endothelial dysfunction has also been found in hypercho-
lesterolemia. Several studies indicated that hypercholesterolemia may cause a decline
in DDAH activity and an increase in the ADMA level [30, 31]. Béger et al. also found
that exposure of cultured endothelial cells to oxidized low-density lipoprotein
(oxLDL) cholesterol resulted in ADMA accumulation in the culture medium [31].
Oxidized LDL could cause endothelial dysfunction in complex mechanisms includ-
ing reduction of eNOS expression [31], to trigger endothelial apoptosis [32] and to
inhibit vascular endothelial growth factor (VEGF)-induced endothelial proliferation
[33]. Furthermore, 0xLDL impairs NO-induced stimulation of cGMP accumulation
[34]. Patients with cardiac syndrome X (CSX) have higher levels of ADMA and
increased mean common carotid intima-media thickness that are ascribed to ADMA
effects on NO bioavailability resulting in endothelial dysfunction and subsequently
impede microvascular circulation, which are the leading mechanisms in the develop-
ment of CSX [10, 35, 36]. ADMA also plays important roles in endothelial dysfunc-
tion in subjects with chronic kidney failure [9, 37, 38]. ADMA is metabolized to
L-citrulline via the action of DDAH-1, which is highly expressed in the kidney [29].
There is a strong association between impairment of renal function and elevation

of ADMA content [9, 39]. Microangiopathy-related cerebral damage (MARCD) is

a cerebrovascular disease caused by arteriosclerosis in deep white matter, which
includes lacunar infarction and white matter hyperintensity [40]. Arteriosclerosis in
deep white matter resulting from acute and chronic ischemia is probably responsible
for the development of MARCD [41]. Several potential risk factors for arteriosclero-
sis have been evaluated in patients with MARCD [42, 43]. NO is involved not only in
regulating cerebral blood flow but also in preventing arteriosclerosis by inhibiting
fibrosis and proliferation of smooth muscle cells in the arterial wall [44]. In fact,
NOS inhibitors and functional single-nucleotide polymorphisms in the eNOS gene
have been shown to be correlated with MARCD [44, 45]. Excessive NO production
could also be a problem in the progression of the disease such as glaucoma. Increased
NO generated by iNOS in astrocytes and microglia in the optic nerve head of patients
with glaucoma may contribute to the optic neuropathy associated with this disease.
The pharmacological use of an inhibitor of iNOS, aminoguanidine, significantly
prevents the loss of retinal ganglion cells [46].

4. Novel compounds for NO-independent sGC/cGMP activation

Organic NO donors such as nitrite and nitroglycerin are successful examples
in clinical practice for more than a century. However, formation of harmful
intermediate, peroxynitrite, and the long-term treatment with NO donors result-
ing in drug resistance limit the clinical applications of NO donor compounds. To
overcome these obstacles, the novel agents for triggering sGC/cGMP cascade in
NO-independent manner have been developed.

A series of 1-(substituted benzyl)-3-(substituted aryl)-condensed pyrazole
derivatives were synthesized and identified as class novel antiplatelet agents [47, 48].
As one of the most promising analogues, 1-benzyl-3-(5'-hydroxymethyl-2’'-furyl)
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indazole (YC-1) was selected for further investigation. The physiological property of
YC-1 in stimulation of sGC was demonstrated by Ko and colleagues [49]. Potential
regulatory mechanisms of YC-1 on cardiovascular protections were summarized in
Figure 1. Ko et al. showed that YC-1 is an antithrombotic agent. It inhibits platelet
aggregation by increasing platelet cGMP levels in an NO-independent manner.
YC-1 action was noted to exert its antiplatelet effect through the activation of
NO-independent sGC/cGMP pathway [50]. Nearly, all the newer generations of
sGC stimulator except acryl-acrylamide family have been derived based on YC-1

as the parent compound [51]. YC-1 and its successors all require the presence of
areduced haem moiety within sGC to stimulate sGC, but they also act in synergy
with NO by binding NO or iron-free precursor of haem to structurally resemble

the NO-haem complex and stabilize sGC in its active configuration [52-54]. Stasch
et al. also reported that YC-1 and its derivate, BAY 41-2272, bind to regulatory sites
(cys 238 and cyst 243 regions) in the al-subunit of sGC, resulting in conformational
change and subsequent activation of recombinant sGC by NO-independent but
haem-dependent mechanism [55]. Mulsch et al. also noted that the combined effect
of nitrovasodilators and YC-1 in cultured VSMCs and isolated rabbit aortic rings
reflected the direct synergistic action of YC-1and NO on the sGC [56]. Wohlfart

et al. reported that YC-1 can stimulate synthesis and release NO in endothelial cells
independent of raising the cGMP content in a calcium-dependent manner [57].

In addition, YC-1 inhibits the cGMP-specific phosphodiesterase type 5 (PDE-5)

—» Stimulation
—] Inhibition

YC-1

¢\3\ \,
#

S
Neointima @
( I_\.farma'non |
estenosis ascu ar
P Heart stroke

7 \
p
& mlgratlon WH

Figure 1.

Scl%emutic overview of regulatory mechanisms of YC-1 on cardiovascular protections. cAMP, cyclic adenosine
monophosphate; cGME, cyclic guanosine monophosphate; ECs, endothelial cells; FAK, focal adhesion kinase;
GMP, guanosine monophosphate; GTE, guanosine triphosphate; HO-1, heme oxygenase-1; Hspyo,

heat shock protein 70; iNOS, inducible nitric oxide synthase; MMP2, matrix metalloproteinase-2;

MMP-9, matrix metalloproteinase-9; oxLDL, oxidiged low-density lipoprotein; PDE5, phosphodiesterase

5; PKG, protein kinase G; sGC, soluble guanylyl cyclase; TGF-p, transforming growth factor-beta; VASPE,
vasodilator-stimulated phosphoprotein; VSMC, vascular smooth muscle cells.
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in platelets and in aortic extracts to raise cGMP levels and prolong its duration

of action [58, 59]. The vasodilator-stimulated phosphoprotein (VASP) has been
reported to be involved in cGMP- and cAMP-mediated antiplatelet actions [60].
Becker et al. noted that VASP is the target of YC-1 since VASP phosphorylation can
be directly increased through stimulation of the cGMP/protein kinase G/VASP
pathway [61].

5. Additional pharmacological activities of YC-1

In addition to the effects in antiplatelet aggregation and antithrombosis, YC-1
has been demonstrated to provide several beneficial effects including cardiovascu-
lar protections; antitumor, neuroprotective, and anti-inflammatory effects; as well
as optical protections.

5.1 Cardiovascular protections

YC-1 inhibits VSMC proliferation, similar to specific guanylate cyclase inhibi-
tors, suggesting that the antiproliferative effect of YC-1 is mediated by cGMP
[62]. A similar conclusion has also been drawn by other investigators [63, 64].
As shown in Figure 1, NO-/cGMP-dependent processes have been suggested to
modulate VSMC phenotype and the arterial response to endovascular injury [65, 66].
It has been reported that YC-1 can upregulate expression of iNOS and inducible
heme oxygenase-1 (HO-1) at the transcriptional and translational level as well
as stimulate sGC and cGMP production in the balloon-injured artery [63]. These
results support the proposal that YC-1 can be developed as a potent new thera-
peutic agent for reducing restenosis via endogenous carbon monoxide (CO)- and/
or NO-mediated cGMP-dependent processes. Wu et al. found that two important
modulators, transforming growth factor (TGF)-p1 and focal adhesion kinase
(FAK), responsible for VSMC proliferation and migration were reduced in content
in the cultured VSMC treated with YC-1. The effect of YC-1 on preventing balloon
injury-induced vascular stenosis has also been demonstrated in a rat carotid angio-
plasty model [64]. Liu et al. also found that YC-1 can inhibit neointima formation
in balloon-injured rat carotid through suppressing the expression and actions
of matrix metalloproteinase (MMP)-2 and MMP-9 [67]. YC-1 can also prevent
oxLDL-mediated apoptosis by inducing heat shock protein 70 (Hsp70) expression
in VSMCs suggesting its cytoprotective effect in vascular diseases [68]. Similarly,
Hsp70 overexpression has also been involved in protective effect of YC-1 on heat
stroke [69]. In vivo evidence shows that YC-1 and zaprinast, an inhibitor of cGMP-
selective PDE, inhibit injury-induced vascular remodeling through anti-mitogenic
and pro-apoptotic actions in a rat carotid artery balloon injury model [70].
Moreover, YC-1 has also been found to induce cell cycle arrest of HUVEC through
upregulation of p21 and p27 protein via inhibition of the cyclin/cyclin-dependent
kinase (CDK) system. This finding suggests that YC-1-induced antiproliferation
effect in HUVEC is via a cGMP-independent manner [71]. Besides, the prevention
effects of YC-1 on the development of hypoxia-induced pulmonary arterial hyper-
tension (PAH), right ventricular hypertrophy (RVH), and pulmonary vascular
remodeling has been clearly mentioned in animal model [72].

5.2 Antitumor effects

A growing body of evidence indicates that hypoxia-inducible factor-1 (HIF-1)
contributes to tumor progression and metastasis. YC-1 inhibits HIF-1-mediated
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hypoxic responses [73-76]. YC-1 enhanced radiation sensitivity by inhibiting
HIF-1a expression [77]. Lau et al. also found that YC-1 suppressed both synthesis
and stability of HIF-1a, via regulation of murine double minute (Mdm?2) protein
[78]. In hypoxic gastric carcinoma cell and xenograft models, low-dose YC-1
combined with glucose and insulin can effectively inhibit anaerobic glycolysis and
induce hypoxia-dependent apoptosis by suppressing HIF-1a expression [79].

YC-1 also enhanced chemosensitivity of hepatocellular carcinoma cells to
cisplatin through a Stat3-dependent manner [80]. Similarly, YC-1 also enhanced
camptothecin toxicity by activating the caspase-8, the Bid pathway, and the
mitochondria-mediated apoptotic pathway in ovarian carcinoma cell lines [81].
Additionally, it has also been found that YC-1 can suppress constitutive NF-kB
activation and induce apoptosis in human prostate cancer cells [82]. YC-1 inhibited
VEGF- and basic fibroblast growth factor (bFGF)-mediated ERK1/ERK2 mitogen-
activated protein kinase (MAPK), AKT, and protein kinase Ca (PKCa) pathways
in vitro and angiogenesis in in vivo models [83]. YC-1 arrested the cell cycle in Go/
G, in human hepatocellular carcinoma cells by upregulating p21<"*/"WAP* and p275'"*
expression [84]. YC-1 arrested the cell cycle at S-phase and induced apoptosis by
activating checkpoint kinases in several cancer cells [85]. Similarly, YC-1 can also
increase p21 protein and decrease cyclins and CDKs to induce GO/G1 phase arrest
as well as activate caspases and disrupt the mitochondrial membrane potential to
trigger mitochondria-dependent apoptosis in cisplatin-resistant human oral cancer
CAR cells [86]. Additionally, apoptotic mechanism of YC-1 may also be mediated by
activating JNK phosphorylation and upregulating FasL and Fas receptor clustering
to activate caspase-3 and caspase-8 and then trigger mitochondria-mediated and
caspase-dependent pathways in renal carcinoma cells [87]. YC-1 has been shown
to downregulate several invasion-related signaling proteins, such as p-catenin,
caveolin, Src, and epidermal growth factor receptor (EGFR), as well as multiple
growth-related proteins, including 5’~AMP-activated protein kinase o (AMPKa),
phospho-acetyl-CoA carboxylase (p-ACC), human epidermal growth factor recep-
tor 2 (HER-2), and mammalian target of rapamycin (mTOR) in nasopharyngeal
carcinoma [88]. Other anti-invasion mechanisms of YC-1 have also been identified
in nasopharyngeal carcinoma (NPC) cells by reverse phase protein array [88].
Activation of beta-catenin signaling has also been evidenced to involve in inhibiting
the proliferation and metastasis of hepatocellular carcinoma using combination
therapy with local radiofrequency ablation and YC-1 [89]. Moreover, the previ-
ous study indicated that YC-1 has a potential effect to improve drug resistance by
inhibiting multidrug-resistant protein resulting in decrease of P-glycoprotein (Pgp)
efflux, whose effect is modulated by the NO-cGMP-PKG-ERK signaling pathway
[90]. These observations revealed together that YC-1 exerts inhibitory effects in key
signaling pathways essential for maintaining cancer or endothelial cell viability and
may be developed as an antitumor agent on a broad spectrum of cancer types by
facilitating apoptosis and suppressing tumor angiogenesis.

5.3 Neuroprotective and anti-inflammatory effects

The use of NO donors (e.g., NONOate) results in excessive NO production
which may cause NO-induced axonal damage by inhibiting mitochondrial respira-
tion, independent of cGMP [91]. YC-1 has been shown to protect white matter
axons from NO toxicity. This axonoprotective action of YC-1 was unrelated to its
activity on sGC but through a novel action on voltage-dependent Na* channels in
the rat isolated optic nerve [92]. Lu et al. showed YC-1 inhibition of lipopolysac-
charide (LPS)-induced iNOS and cyclooxygenase-2 (COX-2) expression as well as
NF-kB activation, implying that YC-1 can be developed as an anti-inflammatory

78



Therapeutic Applications and Mechanisms of YC-1: A Soluble Guanylate Cyclase Stimulator
DOI: http://dx.doi.org/10.5772/intechopen.84572

neuroprotective agent [93]. Chien et al. reported that YC-1 promoted learning
behavior in Morris water maze and avoidance tests and YC-1 pretreatment reduced
scopolamine-induced learning deficit. Thereby, the NO/cGMP/PKG pathway may
be involved in the learning enhancement-based experiments with intracerebro-
ventricular injection of L-NAME and PKG inhibitors [94]. Similarly, YC-1 can also
improve age-related learning and memory dysfunction [95]. Furthermore, YC-1
may inhibit HIF-1a accumulation and VEGF production to protect blood-brain
barrier against ischemia-/reperfusion-induced injury [96]. In addition, beneficial
effect of YC-1 in ameliorating combined allergic rhinitis and asthma syndrome
(CARAS) was demonstrated through reducing expressions of HIF-1a, NF-kB, and
peroxisome proliferator-activated receptor a (PPAR«) [97].

5.4 Optical protections

Therapeutic application of YC-1 on sepsis has been mentioned. After administra-
tion with YC-1, several LPS-stimulated modulations, such as NF-xB activation, iNOS
expression, NO overproduction, and cytokine release, were markedly inhibited,
thus improving survival rate of endotoxemic mice [98]. YC-1 has also been shown
to inhibit HIF-1a-induced iNOS and VEGF expressions in various tissue models.
Studies showed that YC-1 inhibited optical neovascularization in the pathological
stages [99, 100]. Song noted that YC-1 could prevent laser-induced choroidal neo-
vascularization by suppressing photocoagulation-mediated HIF-1 expression [99].
The pathological retinal neovascularization could also be inhibited by YC-1 through
decreasing ischemia-induced expression of HIF-1 and its downstream angiogenic
mediators (e.g., VEGF) in the ischemic retina. The physiological revascularization
of the retinal vascular plexuses was enhanced by YC-1via inhibiting iNOS expres-
sion at mRNA and protein levels [100]. Besides, it also has been reported that YC-1
alleviated macular edema in the animal model of laser-induced experimental central
retinal vein occlusion by reducing several inflammatory or angiogenesis-related
factors, such as interleukin-6 (IL-6), IL-8, VEGF, and HIF-1 [101].

5.5 Other activities

Wang and his colleagues evidenced that YC-1 inhibited bone resorption and
induced extrinsic apoptosis of osteoclasts to reduce bone loss, which implied that
YC-1 has potential application for use as an antiresorptive drug in postmenopausal
osteoporosis [102]. Besides, YC-1 and its derivatives also have been mentioned to
improve hepatic fibrosis, which mechanisms may be caused by inhibiting liver
neutrophil infiltration as well as decreasing in TNF-a signaling and macrophage
aggregation [103, 104].

6. Clinical significance of YC-1

Extensive studies have been conducted to explore possible systemic actions of
YC-1in disease models in animals to demonstrate that YC-1 has versatile physi-
ological activities to be a potent candidate drug for a number of vascular disorders.
In the cardiovascular and hematological systems, it has been reported that local
extravascular administration of YC-1 could prevent neointima formation in a rat
carotid artery model of balloon angioplasty [63, 64, 67]. In a study of experimental
thrombosis model, YC-1 conferred beneficial effect through its anti-aggregating
and pro-fibrinolytic effects [105]. BAY 63-2521 (riociguat™), a NO-independent
but heme-dependent sGC stimulators like TC-1, is currently in clinical development
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for the treatment of pulmonary arterial hypertension with the only reported
significant side effect to be a decrease in systemic arterial diastolic pressure [106, 107].
Similarly, intravenous administration of YC-1 has been shown to lower mean
arterial blood pressure in normotensive and hypertensive rat [108]. For anticancer
therapy, Lau et al. demonstrated that intraperitoneal injection of YC-1 enhances
cisplatin chemosensitivity of hepatocellular carcinoma cells in nude mice xenograft
tumor model, suggesting that YC-1 may be as an adjuvant agent for anticancer
therapy [80]. Furthermore, oral administration of YC-1 can also decrease tumor
mass in human renal cancer xenograft mice model [87]. In Morris water maze and
avoidance test of mice, Chien et al. showed that YC-1 may be a good candidate for
the improvement of learning and memory [94, 109]. Hwang et al. demonstrated
that YC-1 can potentiate the relaxant responses of exogenous or endogenous NO
through the elevation of cGMP in guinea-pig trachea [110]. The above in vivo stud-
ies all demonstrated the relevance of YC-1 in association with NO.

7. Conclusions

Accumulating evidences have shown that the administration of YC-1 may have
beneficial pharmacological or physiological functions in diseased states for clini-
cal applications. In the future, less toxic and more effective candidates would be
the focus of further investigations through structural modification of YC-1 or its
derivatives and better understanding of the molecular mechanisms of its actions.
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Abstract

Giant cell arteritis (GCA) is the most common vasculitis in adults, with the
incidence increasing with the advancing age. The aorta and its branches, especially
the carotid extracranial branches, are the classic targets of inflammation in
GCA. Visual loss, upper limb ischemia, and stroke are complications described.
Suspicion of GCA is a medical emergency, and patients need to be quickly diag-
nosed/treated to prevent irreversible damage. Headache is the most common symp-
tom, and a new-onset headache in older adults should always raise the suspicion
of GCA. Patients may also present with scalp tenderness or tongue/jaw pain. GCA
is often found to be the cause of an obscure-origin fever in older patients. A posi-
tive temporal artery biopsy is considered the gold standard for the diagnosis, but
imaging techniques enable the assessment of cranial and extracranial arteries and
the aorta. Ultrasound of temporal arteries is recommended and noncompressible
“halo” sign is the typical finding. PET, MRI, or CT may be useful for the detec-
tion of the disease in the aorta and other vessels. The treatment must be started
promptly with prednisone 1 mg/kg/day. When visual symptoms/unilateral visual
loss is present, methylprednisolone pulse is recommended. Methotrexate, lefluno-
mide and tocilizumab may be effective and well-tolerated glucocorticoid-sparing
agents in GCA. Cardiovascular diseases are the leading causes of death in patients.

Keywords: giant cell arteritis, T17, IL-6, pathogenesis, treatment, tocilizumab

1. Introduction

The first description of giant cell arteritis dates from 1890 by Hutchinson, who
described an 80-year-old man with painful and inflamed temporal arteries which
prevented him from wearing his hat [1]. Forty-seven years later Horton, Magath,
and Brown described similar cases and called the syndrome temporal arteritis [2].
Originally thought to be alocalized, self-limiting, and benign disorder, inflamma-
tion of the temporal arteries is now recognized as part of a widespread arteritis
which untreated can lead to blindness and death.

Giant cell arteritis (GCA), previously called temporal arteritis and also known
as Horton’s disease, is defined by the 2012 Chapel Hill Consensus Conference
as “arteritis, often granulomatous, usually affecting the aorta and/or its major
branches, with a predilection for the branches of the carotid and vertebral arteries;
often involves the temporal artery; onset usually in patients older than 50; often
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associated with polymyalgia rheumatica” [3]. It is the most common primary sys-
temic vasculitis in adults, mostly seen in North America and Western Europe, with
the incidence increasing with the advancing age. Women are more affected than
men in a 2.5:1 ratio. GCA classically targets large vessels with predominance for the
aorta and its branches. Arterial inflammation may lead to vascular damage which
can result in stenosis, occlusions, and even aneurysms. Therefore, this condition is
related to serious loss of function including visual loss, upper limb ischemia, and
stroke. Suspicion of giant cell arteritis is a medical emergency, and patients need
to be quickly diagnosed and treated to prevent irreversible consequences of vessel
inflammation.

2. Pathogenesis

The immune and pathogenetic pathways responsible for the inflammation on the
arterial walls in GCA are not fully understood yet. As in other autoimmune diseases,
it is believed to be an environmental-triggered response occurring in genetic-predis-
posed individuals. The fact that it only affects older patients suggests that age-related
damage on the vessel walls also plays a role in the development of the arteritis [4].

There is evidence of a cyclic pattern and yearly incidence of the onset of GCA,
which led to the search for an environmental agent responsible for the initializa-
tion of the immune response. Many bacterial agents and viruses have been under
research (Chlamydia pneumonia, Burkholderia, cytomegalovirus, erythrovirus B19,
herpes simplex, and parainfluenzae 1, among others), but the studies failed in finding
a causal correlation between infections and GCA so far [4].

GCA is associated with the major histocompatibility class II (MHC-II), par-
ticularly with HLA-DRB1*04 alleles [5]. Outside the MHC region, variants on
the PTPN22 locus and other genes related to vascular response to inflammation
and vascular remodeling, such as plasminogen and prolyl 4-hydroxylase subunit
alpha 2, also increased the risk of GCA.

Age-related damage on the arterial wall also has a role on the pathogenesis.

There are biochemical and structural modifications in the vessel leading to loss of
self-tolerance. Differences in the DNA methylation level of several genes have been
reported in temporal arteries from GCA patients comparing with non-GCA controls.

There is evidence that the inflammation starts in the adventitia and progresses
to the other layers of the arterial wall, culminating in transmural damage. Activated
dendritic cells (DCs) have a central role in the immune response of GCA. These
cells are present in the adventitia and express Toll-like receptors, which are acti-
vated via pathogen-associated molecular patterns (PAMPs) or microorganism-
associated molecular patterns (MAMPs). The activation of DC breaks immune
tolerance and renders the arteries, considered otherwise an immune privileged site,
susceptible to inflammatory injury. DCs activate CD4+ T lymphocytes through co-
stimulatory molecules (CD80 and CD86) and class Il MHC. DC depletion in mice
models with GCA strongly decreased vasculitis lesions, emphasizing its importance
on the immune response.

Activated DCs produce cytokines such as IL-6, IL-18, IL-23, IL-32, and IL-33,
which are chemotactic for T lymphocytes. T cells that infiltrate the temporal arteries
from GCA patients are enriched Thl, Th17, and Th9 cells. Thl-response polariza-
tion via IL-12 synthesizes IFN-y, and Th17 cells produce IL-17. While Th17 cells are
inhibited by glucocorticoids, the Thl response is not, being this last one implicated
in sustaining chronic disease activity in GCA [6].

IFN-y seems to be important for the development of vasculitis. The cytokine
panel described above is found in both GCA patients and PMR patients without
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GCA, but INF-y is only present in individuals with GCA. IFN-y expression, in
fact, is associated with increased risk of ischemic complications. Vascular smooth
muscle cells, induced by IFN-y, produce chemokines (CCL2, CXCL9, CXCL10, and
CXCL11), leading to the recruitment of monocytes that merge to form multinucle-
ated giant cells, the hallmark of GCA. The chemokines recruit more immune cells,
amplifying the inflammatory response. Monocytes differentiate into macrophages
in the arterial wall and produce IL-6, IL-1f, and TNF-a, responsible for the systemic
inflammatory response which is characteristic of GCA. Toxic substances for the
arteries are also produced by macrophages, such as reactive oxygen species, matrix
metalloproteinase-2 (MMP-2), and MMP-9, which destroy cellular matrix proteins
and cause destruction of the media and digestion of the internal elastic lamina.

Th17 cells appear to be important in the initial stages of the disease, producing
IL-17, IL-21, IL-22, and CCL20. IL-17 leads to the recruitment of macrophages,
while IL-21 enhances the differentiation of cytotoxic cells, and IL-22 mediates
hepatocyte stimulation and acute-phase amplification. CCL20 facilitates the
recruitment of more DCs and T cells.

The vascular smooth muscle cells in inflamed arteries are believed to acquire
pro-inflammatory properties and produce several growth factors (vascular endo-
thelial growth factor (VEGF) and platelet-derived growth factor (PDGF), among
others), causing intimal hyperplasia and vascular occlusion.

B cells are not present in the arterial wall of all the patients with GCA, suggesting
that its effect is not crucial in the pathogenesis. However, when present, they are acti-
vated and contribute for the amplification of the immune response and inflammation.

Finally, defects in immune checkpoints have also been studied and appear to
play a role in the immune activation observed in GCA. T cells express programmed
death-1 (PD-1), which binds to its receptor in antigen-presenting cells, inducing
T cell anergy and apoptosis, and the production of IL-10 by T cells or their polar-
ization into T-reg lymphocytes. A defect in the immunoprotective PD-1/PD-L1
immune checkpoint has been reported in GCA patients.

3. Clinical features

Headache is the most common symptom of GCA, and a new-onset headache
(or worsening of a preexisting headache) in older adults should always raise the
suspicion of this condition. The installation of the pain is usually acute/subacute.
The typical pattern is a temporal headache, continuous throughout the day and
resistant to standard analgesia, but it can also be felt over other cranial areas or be
diffuse. Patients may also present with scalp tenderness or tongue/jaw pain. Jaw
claudication, seen in 45% of the patients, is a relatively specific sign and correlates
with temporal artery biopsy positivity.

Total or partial visual loss affects 15-20% of patients, mostly at disease onset.
The main cause is anterior ischemic optic neuropathy due to vasculitis of the pos-
terior ciliary arteries, which are branches of the ophthalmic artery and responsi-
ble for the blood supply of the optic nerve and the choroid. The optic neuropathy
leads to visual loss, which is usually painless and with rapid onset. Occasionally,
posterior ischemic optic neuropathy, occlusive vasculopathy of the central artery
of the retina, or cortical ischemia can cause visual loss too. Blindness is irrevers-
ible in most cases, and when one eye is affected, the other one will likely (in half
of the cases) be diseased too in a few days if the treatment is not promptly started.
About 10% of patients develop amaurosis fugax, visual hallucinations, or diplo-
pia, which are considered premonitory signs and can progress to blindness in half
of the cases.
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Systemic manifestations, such as fever, weight loss, and fatigue, are frequent
(42, 50, and 40%, respectively). Some patients present only with constitutional
symptoms, without headache or visual changes, and in those cases, the diagnosis
can be challenging. GCA can be the cause of an obscure-origin fever in older
patients.

Polymyalgia rheumatica (PMR) is the most common extracranial manifestation
of GCA, and it may also be the first clinical sign of a vasculitis relapse. It is defined by
pain/tenderness in proximal arms and legs, with morning stiffness and fast improve-
ment with low-dose glucocorticoid treatment. PMR is seen in 50% of the patients with
GCA, while only 20% of the patients with PMR have clinical signs of GCA. However,
in patients with PMR with persistently high inflammatory markers and insufficient
response to glucocorticoids, a careful investigation may reveal an oligo-symptomatic
GCA requiring more aggressive treatment. GCA and PMR are different conditions that
share many common features: they occur almost exclusively in patients aged 50 years
or older, have similar gender ratios, are associated with the HLA-DRB1*04 alleles
and increased levels of serum acute-phase reactants, and respond to glucocorticoid
therapy.

GCA is a systemic vasculitis with predominance for the aorta and its branches.
Therefore, the patients may also present with chest pain and limb claudication.
Large-vessel disease may complicate with aneurysms or stenosis development,
resulting in increased mortality due to cardiovascular disease. Many patients with
GCA develop clinical manifestations of large-vessel involvement, such as arm
claudication (4%) and arterial bruits (21%).

Cerebrovascular events are less common ischemic complications, seen in 15%
of the patients. They are mostly due to occlusive vasculitis of the carotid or verte-
brobasilar arteries. Transitory or persistent ischemic attacks are the most common
neurologic manifestations, but cognitive impairment and neuropathy are other
possible complications. Neuropsychiatric symptoms (dementia, mood disorders,
and psychosis) affect 3% of the patients. Audio vestibular dysfunction leading to
sensorineural hearing loss has also been described in GCA.

Infrequent clinical manifestations include tongue, scalp or lip necrosis, and
facial/submandibular swelling. Unlike visual loss, ischemic necrosis tends to
improve after the glucocorticoid treatment is started. Peripheral synovitis is found
in 15% of the patients.

Physical examination is frequently normal, but it may also reveal temporal
artery abnormalities such as thickness, tenderness, and hyperemia, with normal,
decreased, or absent pulse. Even though temporal artery abnormality is one of the
five ACR classification criteria for GCA, it is seen in less than 30% of the patients.
Peripheral pulses in arms and legs may be decreased or absent as well in large-vessel
disease, and arterial bruits can be heard in such patients.

4. Diagnosis

The American College of Rheumatology classification criteria for GCA,
published in 1990, requires three or more of the following five criteria [1]: age
50 years and older [2], new onset of localized headache [3], temporal artery
tenderness on palpation or decreased pulsation [4], an abnormal temporal artery
biopsy, and [5] an erythrocyte sedimentation rate (ESR) of 50 mm/h or more
(Table 1) [7]. These criteria are designed to be classificatory and not diagnostic,
with sensitivity and specificity of 81.1% and 64.2%, respectively [8]. In the last
years, new imaging techniques have emerged and can be helpful tools on diagnosis
and disease activity assessment.
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1. Age > 50 years 1
2. New-onset headache 1
3. Temporal artery tenderness/decreased pulsation 1
4. Abnormal temporal artery biopsy 1
5. ESR > 50 mm/1st hour 1
Total
GCA defined if score > 3.
Table 1.

ACR classification criteria for GCA (1990).

4.1 Acute-phase reactants

ESR higher than 50 mm/h is one of the five criteria for GCA classification
according to the ACR. However, in recent years alternative acute-phase reactants
have been proposed as more sensitive markers. Recently one study analyzed 26
markers in GCA and PMR comparing with healthy controls and found that three
serum markers (B cell-activating factor [BAFF], CXCL9, and IL-6) were increased
in both newly diagnosed GCA and newly diagnosed PMR patients. Serum BAFF
and IL-6, but not CXCL9, were attenuated upon glucocorticoid-induced remission
and showed the strongest association with disease activity in both GCA and PMR
patients [9]. BAFF is an important regulator of B cell responses and has been linked
to the development of many autoimmune diseases. Even though these markers
are not used routinely in clinical practice yet, they are promising new tools in the
diagnostic approach and disease activity assessment in GCA.

Platelets are also considered a serum marker for inflammation in GCA. The pos-
tulated mechanism of thrombocytosis in promoting inflammation stems from their
early interaction with the endothelium in inflammatory states during which they
provide adhesion molecules and chemotactic stimulation to aid in the recruitment
of leukocytes and enhance the release of different inflammatory mediators [10].

The most used tests for measuring inflammation in clinical practice are ESR
and CRP. One study showed that the optimal cutoff value for CRP in GCA was
26.9 mg/L (sensitivity 75% and specificity 51%) and for ESR was 53 mm/h (sensitiv-
ity 66% and specificity 55%) [11].

4.2 Temporal artery biopsy (TAB)

Even though temporal artery biopsy is not essential for the diagnosis, one study
found that sensitivity and specificity of ACR criteria for diagnosis of GCA before
performing TAB were 68.5 and 58%, respectively, while sensitivity and specificity of
ACR criteria after performing TAB biopsy were 89.8 and 64.5%, respectively [12]. The
sensitivity rates are lower in the large-vessel phenotype of GCA, and even in patients
with the temporal artery affected, skip lesions may contribute to a negative TAB.

TAB showing transmural inflammation is still considered the gold standard for the
diagnosis of GCA and remains the most specific diagnostic test. It is a minimally inva-
sive and well-tolerated surgical procedure that is generally performed in an outpatient
surgery setting and carries a low risk of complications in experienced hands. The
length of the artery needed for optimal histopathological analysis is 2 cm. For all these
reasons, TAB is still recommended in all patients with a clinical suspicion of GCA. In
addition to their diagnostic role, histological findings of positive TAB may have clini-
cal and prognostic significance and thus implications for the patients’ management.
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GCA is characterized histopathologically by mononuclear infiltrates in all layers
of the arterial wall. Macrophages and T cells are present in granuloma formation,
and multinucleated giant cells are localized close to the fragmented internal elastic
lamina. Neutrophils, eosinophils, and plasma cells are rare. Proliferation of the
intima results in occlusive vasculopathy. Neoangiogenesis is frequent and at times
prominent, and fibrinoid necrosis is typically absent (Figures 1 and 2) [13].

The positivity of TAB declines after glucocorticoid treatment is started, and the
biopsy should ideally be performed within 2 weeks from the onset of the therapy.

Figure 1.

Histopathological analysis of a patient from the Rheumatology Division of the University of Sao Paulo showing
a transmural lymphomonocytary infiltrate and important narrowing of the vessel lumen. HE 100x. Image
gently provided by the Pathological Anatomy Division of the University of Sao Paulo, School of Medicine.

Figure 2.

Histopathological analysis of a patient from the Rheumatology Division of the University of Sao Paulo showing
a transmural lymphomonocytary infiltrate and the presence of a granuloma. HE 100x. Image gently provided
by the Pathological Anatomy Division of the University of Sao Paulo, School of Medicine.
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Importantly, the therapy should never be delayed for the performance of a biopsy,
especially when visual symptoms are present [14].

For patients with a negative temporal artery biopsy, clinical assessment remains
a mainstay of diagnosis.

4.3 Imaging techniques

In 2018, the European League Against Rheumatism (EULAR) published recom-
mendations about the use of imaging techniques in large-vessel vasculitis (LVV),
which included GCA and Takayasu’s arteritis. According to these recommendations,
in patients with suspected GCA, an early imaging test is recommended to comple-
ment the clinical criteria for diagnosing GCA, assuming high expertise and prompt
availability of the imaging technique [15]. However, imaging should not delay initia-
tion of treatment. The choice of the individual imaging method depends on the pre-
dominant clinical symptoms and local settings. In settings where imaging modalities
are not readily available or expertise with imaging in GCA is questionable, a biopsy
should still be favored in first place. Besides, if positive histology is already available,
additional imaging may not be needed for the diagnosis. In centers, however, where
imaging (and TAB) is readily available and performed with high quality, the task
force recommends that imaging should be preferred as the first test because of low
invasiveness, ready availability of imaging results, and assessment of a larger extent
of potentially inflamed arteries at the same examination, therefore contributing to
a lower number of false-negative results. Imaging should be performed before or as
early as possible after initiation of therapy, best within 1 week, because treatment
with glucocorticoids rapidly reduces the sensitivity of imaging [15].

Figure 3.
Temporal artery duplex scan of a patient from the Rheumatology Division of the University of Sao Paulo,
School of Medicine with GCA showing thickness in the vascular wall and the noncompressible “halo” sign.
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Figure 4.

PET-CT of a patient from the Rheumatology Division of the University of Sao Paulo, School of Medicine with
GCA showing inflammation in the vascular wall of the aorta and subclavian, common carotid, iliac, femoral,
popliteal, and tibial arteries.

In patients in whom there is a high clinical suspicion of GCA and a positive
imaging test, the diagnosis of GCA may be made without an additional test (biopsy
or further imaging). In patients with a low clinical probability and a negative imag-
ing result, the diagnosis of GCA can be considered unlikely [15].

Ultrasound of temporal + axillary arteries is recommended as the first imaging
modality in patients with suspected predominantly cranial GCA. A noncompress-
ible “halo” sign is the ultrasound finding most suggestive of GCA (Figure 3). High-
resolution MRI of cranial arteries to investigate mural inflammation may be used
as an alternative for GCA diagnosis if ultrasound is not available or inconclusive.
Ultrasound, PET, MRI, and/or CT may be used for the detection of mural inflam-
mation and/or luminal changes in extracranial arteries to support the diagnosis of
large-vessel GCA (Figure 4). Ultrasound is of limited value for the assessment of
aortitis [15].

In patients with a suspected flare, imaging might be helpful to confirm or
exclude it. Imaging is not routinely recommended for patients in clinical and
biochemical remission. In patients with large-vessel vasculitis, MRA, CTA, and/or
ultrasound may be used for long-term monitoring of structural damage, particu-
larly to detect stenosis, occlusion, dilatation, and/or aneurysms [15].

5. Treatment

Treatment with oral glucocorticoid (GC) effectively induces remission and
reduces the evolution to visual loss, and it should be started as early as possible
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when there is a clinical suspicion of GCA. The GC therapy cannot be postponed
to after confirmation of the diagnosis, because once the visual loss is installed, it is
rarely reversible [16].

Oral prednisone in a daily single dose of 40-60 mg usually resolves the symp-
toms and normalizes acute inflammation reactants within the first 2-4 weeks of the
treatment. When premonitory visual signs are present (amaurosis fugax) or when
visual loss is installed, pulse therapy with daily intravenous methylprednisolone
(500-1000 mg) for 3 days can be tried, even though its superiority compared to the
oral prednisone regimen has not been proven in clinical trials.

Glucocorticoids are effective in inducing clinical remission, but the side effects
of its chronical use are undesirable, especially in elderly individuals. Therefore,
synthetic or biological immunosuppressants have been used as GC-sparing adju-
vants to reduce the cumulative GC dose and to maintain remission after the predni-
sone withdrawal [17]. There is no consensus on the timing of initiating GC-sparing
therapy, but indications to start it early in the disease course include the presence
of significant premorbid diseases (diabetes mellitus, osteoporosis, obesity), the
emergence of significant glucocorticoid-related side effects, and a relapsing course
necessitating protracted CS use. After clinical remission is achieved (symptoms
resolved and laboratory inflammation markers normalized), the GC taper can be
started. It has to be slow, especially with lower doses. The dose can gradually be
reduced by 5 mg every 2 weeks to 20 mg/day and then by 2.5 mg every 2 weeks to
10 mg/day if there are no flares of disease activity. After achieving a daily dose of
10 mg, the prednisone taper should be slowed, such that patients remain on pro-
gressively decreasing doses over the ensuing 6-12 months. Tapering by 1 mg decre-
ments each month once the daily dose is less than 10 mg can be considered. Disease
relapses are more frequent in this final phase of the GC tapering regimen [18].

5.1 Glucocorticoid-sparing therapy

Methotrexate (MTX) is the conventional immunosuppressive drug most com-
monly used for the management of refractory GCA. However, the efficacy of this
drug in GCA is modest. The trials yielded a role of MTX (10-15 mg/week) to reduce
the frequency of relapses (by 35% of a first relapse and by 51% of a second relapse)
and decrease the cumulative prednisone dose. However, the optimum efficacy of
MTX becomes manifest only after 24-36 weeks [19].

Leflunomide may also be an effective and well-tolerated glucocorticoid-sparing
agent in GCA, but there are no randomized controlled trials to confirm it yet. In
one prospective observational study with 76 newly diagnosed GCA patients, 10 mg
daily leflunomide was compared with glucocorticoid only in a follow-up period of at
least 48 weeks. During the follow-up 13.3% patients in the leflunomide group flared
versus 39.1% in the GC-only group (p = 0.02). Furthermore, 56.7% patients in the
leflunomide were able to stop GC at week 48 but none in the GC-only group [20].

Tocilizumab is a humanized monoclonal antibody that binds to the soluble
and membrane-bound forms of the IL-6 receptor (IL-6R). IL-6 has a key role in
the pathogenesis of GCA, and elevated levels of IL-6 are present and correlate with
disease activity. Efficacy of tocilizumab in GCA has been proved in a multicenter,
randomized, double-blind, placebo-controlled, phase 3 trial with 251 patients (119
newly diagnosed and 132 with relapsing disease). The patients were randomized to
receive subcutaneous tocilizumab (162 mg) weekly or every other week combined
with a 26-week prednisone taper or placebo, combined with a prednisone taper over
a period of either 26 or 52 weeks. Both groups of patients treated with tocilizumab
achieved sustained remission more commonly than those placebo-treated at week 52.
Patients who underwent tocilizumab therapy had fewer relapses of disease than
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those in the placebo arms [21]. Tocilizumab use was associated with a powerful
glucocorticoid-sparing effect, and this effect was stronger in those patients who had
experienced relapses before randomization. Tocilizumab in a subcutaneous weekly
dose of 162 mg was approved by the US FDA and the European Commission for the
treatment of GCA. However, there is concern about the characterization of a relapse
in patients that are under tocilizumab therapy, because tocilizumab is very effective
in normalizing CRP and ESR and some patients can be oligo-symptomatic during

a flare. Periodic imaging in these patients is recommended for accessing vascular
activity or progression of the vascular damage during the treatment.

Ustekinumab is a human monoclonal antibody that binds to the p40 subunit of
both IL-12 and IL-23 preventing their binding to their shared cell surface recep-
tor chain, IL-12p. The inhibition of IL-12 signaling abrogates Th1 response with
reduction in TNF-a, IFN-y, and IL-12 production. The inhibition of IL-23 signaling
abrogates Th17 response with the reduction on IL-6, IL-17, IL-21, IL-22, and TNF-«
production. Thl and Th17 responses both have important roles in the pathogenesis
of GCA. A prospective open-label 52-week trial with 25 patients with relapsing
GCA showed that ustekinumab may be effective for the treatment of GCA: at week
52 the median daily dose of prednisolone decreased from 20 to 5 mg (p < 0.0001),
and no patient experienced a relapse of GCA while receiving ustekinumab [22].

No randomized controlled trial with ustekinumab in GCA patients has been
performed yet.

Abatacept is a fully human fusion protein that binds to CD80/CD86 on antigen-
presenting cells preventing these molecules from binding to their ligand, CD28,
on T cells, and is moderately effective in the treatment of GCA. In a multicenter,
randomized, double-blind trial, 49 patients with GCA were treated with 10 mg/kg
intravenous abatacept on days 1, 4, and 29 and week 8 and monthly after that. The
relapse-free survival rate at 12 months, the primary endpoint, was 48% for those
receiving abatacept and 31% for those receiving placebo (p = 0.049) [23]. Further
studies encompassing larger number of patients are needed to confirm the utility of
abatacept as adjunctive therapy in GCA.

Anti-TNFa agents have been tested and yielded disappointing results, showing
no efficacy in reducing GC dose or relapse rates in GCA. There are other promising
target therapies being tested, such as the JAK/STAT inhibitors, but the results are
not available, and there is no data to support their use in clinical practice yet.

5.2 Preventing complications

Patients with GCA are elderly and frequently have multiple comorbid conditions
that can be worsened by the use of GC and immunosuppressants. Therefore, the
levels of vitamin D must be higher than 30 ng/mL for all patients, and the dietary
intake of calcium must be stimulated (or supplementation, if the dietary intake is
insufficient) for bone protection, as well as the use of bisphosphonates if indicated.

Low-dose aspirin (80-100 mg/day) should be prescribed for prevention of
cardiovascular events, which represent the main cause of death in this population.

6. Prognosis

The most frequent causes of death in GCA patients are cardiovascular diseases
followed by cancer. Combined, these conditions account for approximately two
thirds of all deaths. A Norwegian cohort of 881 patients with GCA and 2577 popula-
tion controls found no significant difference in the overall cumulative survival or
survival at any specific time after diagnosis. In this study the mean age of death was
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83.6 (SD 7.5) years for GCA patients, and survival was more than 80% in 5 years and
approximately 50% in 10 years [24]. The same study found that even though the
overall mortality was not reduced in GCA, these patients have an increased risk of
death due to circulatory diseases and infections but a decreased risk of death due to
cancer over time. The increased risk of death by circulatory diseases may be related
to aneurysms and dissections, which are recognized as large-vessel complications of
GCA. Therefore, it is extremely important in the management of these patients to
identify and to treat other contributing risk factors for circulatory disease.
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Chapter7

Anomalous Origin of Coronary
Arteries

Xhevdet Krasniqi and Hajdin Citaku

Abstract

Coronary arteries supply the heart muscle with blood maintaining myocardial
hemostasis and function. Coronary artery anomalies may persist after birth
affecting cardiovascular system through haemodynamic impairment caused from
shunting, ischaemia, especially in young children or adolescents and young adults.
In patients undergoing coronary angiography the incidence of anomalous origina-
tion of the left coronary artery from right sinus is 0.15% and the right coronary
artery from the left sinus is 0.92%. A recent classification of the coronary anomalies
is based on anatomical considerations, recognizing three categories: anomalies
of the origin and course, anomalies of the intrinsic coronary artery anatomy, and
anomalies of the termination. In the setting of anomalous coronary artery from
the opposite sinus, the proximal anomalous CA may run anterior to the pulmonary
trunk (prepulmonic), posterior to the aorta (retroaortic), septal (subpulmonic),
or between the pulmonary artery and the aorta itself (interarterial). Among them,
only those with an interarterial aorta-pulmonary course are regarded as hidden
conditions at risk of ischaemia and even sudden death. We presented two cases
with anomalous origin of coronary arteries from opposite sinus, and two other
cases with anomalous origin of left circumflex artery. The atherosclerotic coronary
artery disease leads to the need of coronarography which can find out the presence
of coronary artery anomalies. Anomalous origin of coronary artery that is present
with atherosclerotic changes continues to exist as a challenge during treatment in
interventional cardiology.

Keywords: coronary arteries, anomalous origin, opposite sinus

1. Introduction

Coronary arteries (CAs) are the blood vessels that supply the heart muscle with
blood.

Intact coronary circulation is therefore important for myocardial hemostasis
and function, thus enabling rest of body to function. The disruption of coronary
development during embryogenesis results in coronary congenital defects such as
coronary mispatterning, structural vascular defects, and anomalous communica-
tion of coronary vessels, they can alter coronary artery blood flow.

Such anomalies may persist after birth, occasionally they are in association with
other cardiac conditions, so can severely affect cardiovascular system through hae-
modynamic impairment caused from shunting, ischaemia, or even sudden cardiac
death, especially in young children or adolescents and young adults.
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The estimated prevalence of CA anomalies is not quite clear with variable, rang-
ing from 0.21 to 5.79% based on angiography, computed tomography (CT), and
autopsy databanks [1]. Congenital anomalies of coronary arteries have in incidence
about 1% in patients undergoing coronary angiography while the incidence of
anomalous origination of the left coronary artery from right sinus is 0.15% and the
right coronary artery from the left sinus is 0.92% [2, 3].

2. Coronary artery anatomy

In normal anatomy, the LAD and Cx originate from an aortic area located
above the upper or middle third of the left coronary sinus of Valsalva (also called
the left posterior sinus). The right coronary artery originates from the upper or
middle third of the right sinus of the Valsalva. Normally, the coronary ostia lead an
orthogonally oriented coronary proximal stem, off the aortic wall.

Of the many coronary arteries, the “primary” (or elementary) ones are defined
as the three main proximal arteries: one provide circulation to the anterior septum
and anterior lateral wall (the left anterior descending or LAD), another provides
blood flow to the obtuse marginal region of the left ventricle (the circumflex, or
Cx), and the third provides circulation to the free wall of the right ventricle (the
right coronary artery or RCA). The left main trunk may serve as a common stem
that joins the LAD and Cx (a common left main stem is present in about 90% of the
cases and is not essential, but the LAD and CX are essential). Normally, the LAD
and Cx originate from an aortic area located above the upper or middle third of the
left coronary sinus of Valsalva (also called the left posterior sinus) [4]. In Figure 1
we presented normal origin of coronary arteries.

Pulmonaryvalve

Aorticvalve

Left coronary arter:
¥ ¥ Right coronary artery

Mitral valve Tricuspid valve

Figure 1.
Normal origin of covonary artery.

3. Embryology of coronary artery

Coronary artery formation is a process involving vasculogenesis, angiogenesis,
and arteriogenesis. The vasculogenesis is a process through which is formed the
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early arterial coronary vascular system via the coalescence of the endothelial
precursor cells (angioblasts), and subsequent fusion of the endothelial cell
clusters [5].

Angiogenesis implies the generation of the new microvessels by endothelial
proliferation and migration, mostly by means of controlled endothelial sprouting
[6]. Coronary artery (CA) were originally thought to form bay angiogenesis from
the aortic root endothelium based on anatomical facts that ones join the systemic
circulation at the aortic root, whereas cardiac veins connect to the general circula-
tion via the coronary sinus [7].

Arteriogenesis describes the remodeling that form mature arteries by migration
of supporting smooth muscle cells (SMCs) and pericytes from the epicardium dur-
ing development [8, 9].

4. Congenital anomalies of the coronary circulation

Coronary anomalies are defined as those angiographic findings in which the
number, origin, course and termination of the arteries are rarely encountered in
general population. Coronary anomalies may occur in 1-5% of the patients under-
going coronary arteriography, depending on the threshold for defining an anatomic
variant [10-12].

A recent classification of the coronary anomalies (Table 1) [1] is based on
anatomical considerations, recognizing three categories:

a.anomalies of the origin and course;
b.anomalies of the intrinsic CA anatomy; and

c.anomalies of the termination [13, 14].

I. Anomalies of origin coronary artery connection

1. Anomalous origin to the aorta

a. Absent of left main trunk

b. Anomalous coronary artery ostium location

c. Anomalous coronary artery location at improper aortic sinus-wrong sinus:

RCA to left sinus

LCA to right sinus

LCX to RCA/or sinus

RCA or LCA to posterior sinus

with anomalous course: interarterial, prepulmonic, intraseptal, retroaortic, posterior atrioventricular
groove or retrocardiac, postero-anterior interventricular groove

d. Single coronary artery

e. Anomalous coronary artery ostium location outside sinu-tubular aorta:

Lv

Ascending aorta

Aortic arch

Others (innominate artery; right carotid artery; internal mammary artery; bronchial artery; subclavian
artery; descending thoracic aorta)
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2. Anomalous origin to the pulmonary artery

a. LCA to posterior facing sinus (ALCAPA)

b. LCX to posterior facing sinus

c. LAD to posterior facing sinus

d. RCA to anterior right facing sinus

e. Ectopic connection (outside facing sinuses) of any CA to PA left sinus, trunk, or branch

f.RV

II. Anomalous intrinsic coronary artery anatomy

1. Congenital ostial stenosis or atresia (LCA, LAD, RCA, Cx)

2. Coronary ostial dimple

3. Coronary ectasia or aneurysm

4. Absent coronary artery

5. Coronary hypoplasia

6. Intramural coronary artery (myocardial bridge)

7. Subendocardial coronary course

8. Coronary crossing

9. Anomalous origination of posterior descending branch or septal penetrating branch

10. Absent PD or split RCA

11. Absent or split LAD

12. Ectopic origination of first septal branch

II1. Coronary artery interaction

1. Inadequate arteriolar/capillary ramifications

2. Fistulae from RCA, LCA, or infundibular artery to: RV, RA, coronary sinus, superior vena cava, PA, PV,
LA, LV, multiple

Table 1.
Classification of coronary artery anomalies.

4.1 Anomalous pulmonary origin of the coronary arteries (APOCA)

This syndrome is characterized by the origin of the coronary artery arising from
the pulmonary artery. The most variant is an anomalous origin of the LCA from the
pulmonary artery. (ALCAPA) [15, 16] although single-vessel origins of the RCA,
LCx coronary, or LAD artery from the pulmonary artery have also been reported. If
untreated, and in the absence of an adequate collateral network, most (95%) infants
with APOCA will die within the first year. In the presence of an extensive collateral
network, patients may survive into adulthood.

Aortography reveals a large RCA with absence of a left coronary ostium in the
left aortic sinus of Valsalva, and with LAD and Cx branches filling through col-
lateral circulation from the RCA branches. Still very delayed in filming sequence
retrograde flow from LAD and LCx opacifies the LMCA and its origin from the
main pulmonary artery. Still later in the filming sequence retrograde flow from
the LAD and LCx arteries opacifies the LMCA and its origin from the main pul-
monary artery. Once it is diagnosed, CABG surgery is recommended because of
the high incidence of sudden death, cardiomyopathy and arrhythmias associated
with APOCA.

110



Anomalous Origin of Covonary Arteries
DOI: http://dx.doi.org/10.5772/intechopen.76912

4.2 Anomalous coronary artery from the opposite sinus (ACAOS)

Anomalous origin of either the RCA to the left coronary sinus or the LCA to the
right coronary sinus, the proximal anomalous coronary artery (CA) may run ante-
rior to the pulmonary trunk (prepulmonic), posterior to the aorta (retroaortic),
septal (subpulmonic), or between the pulmonary artery and the aorta (interarte-
rial). Only those with an interarterial (aorta-pulmonary) course can increase risks
of myocardial ischemia, arrhythmia, syncope, and sudden cardiac death consider-
ing life threatening and clinical guidelines recommend surgical correction [17].

Numerous mechanisms of ischaemia particularly during exercise have been sug-
gested: (1) the compression of the anomalous vessel coursing between the aorta and
the pulmonary artery during increased cardiac output and expansion of the great
vessels; (2) the acute angle takeoff of the anomalous vessel with further stretch dur-
ing exercise, possibility accounting for a flap-like closure of the coronary ostium;
(3) spasm or kinking of the anomalous vessels; and (4) the course within the aortic
wall (“intramural”) of the proximal segment of the anomalous vessel [13, 17]. The
intramural aortic course can explain the imaging feature (angiography and echo)
of CA intussusceptions into the aoric wall: the proximal segment of the anomalous
vessel (segmental hypoplasia) is narrowed, and the asymmetrical lateral compres-
sion of the anomalous vessel with a silt-like or ovoid rather than circular lumen,
particularly during systole and stress.

In Figure 2 (A and B) we present anomalous Coronary Artery from the Opposite
Sinus (ACAOS).

4.3 Coronary artery fistulas

Coronary artery fistulas are defined as abnormal communications between a
coronary artery and a cardiac chamber or major vessel, such as to the vena cava,
right or left ventricle, pulmonary vein or pulmonary artery [18, 19]. Coronary
artery fistulas are rare findings, identified in 10 (0.05%) of 18,272 diagnostic
cardiac catheterizations [20].

4.4 Myocardial bridging

The three major coronary arteries generally course along the epicardial surface
of the heart. On occasion, however, short coronary artery segments descend into
the myocardium for a variable distance. This abnormality, termed myocardial
bridging occurs in 5-12% patients and usually is confined to LAD [21].

5. Clinical presentation
5.1 Anomalous pulmonary origin of the coronary arteries (APOCA)

Coronary steal syndrome results where an alteration of circulation patterns leads to
areduction in the blood directed to the coronary circulation. The low pressure in the
pulmonary artery causes blood from the abnormal LCA to flow towards the pulmo-
nary artery instead of towards the heart resulting in ischaemia and collateral growth.

The extent of the acquired circulation between the two CAs is the major deter-
minant of the degree of ischaemia, severity of clinical presentation, and outcome.
Depending collateral vessels clinically are presented: a) the adult-type with well-
established collateral vessels, and b) the infant-type without or with few collaterals,
with early onset of symptoms when pulmonary arterial pressure decreases [22].
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Right coronary artery to the left sinus, Left coronary artery to the right sinus,
interarterial interarterial
Left coronary artery to the right sinus, Left coronary artery to the right sinus,

prepulmonic intraseptal

QQ SV

Left coronary artery to the right sinus, Right coronary artery to the posterior
retroaortic sinus

QDO CDO

Left circumflex artery to the right, Left anterior descending artery to the
retroaortic right, prepulmonic

Figure 2.
Anomalous origin of coronary arteries to the aorta.

5.2 Anomalous coronary artery from the opposite sinus (ACAOS)

Origin of LCA from the proximal RCA or the right aortic sinus with subsequent
passage between the aorta and the right ventricular outflow tract has been associ-
ated with sudden death during or shortly after exercise in young persons.

The increased risk of sudden death may be due to a silt-like ostium, a bend
with acute takeoff angles of the aberrant coronary arteries, or arterial compression
between the pulmonary trunk and aorta when there is increased blood flow through
these vessels with exercise and stress.

The RCA originated from the LCA or left aortic sinus with passage between
the aorta and the right ventricular outflow tract is also associated with myocardial
ischemia and sudden death [23]. In rare cases of the LCA originated from the right
sinus myocardial ischemia may occur even if the LCA passes anterior to the right
ventricular outflow tract or posterior to aorta, not through a tunnel between the
two great vessels [24].

The revascularization approach in patients with ACAOS has been CABG surgery,
although coronary stenting has been reported with acceptable medium term success.

5.3 Coronary artery fistulas

The clinical presentation associated with coronary artery fistulas is dependent on
the type of fistula, shunt volume, in situ of the shunt and presence of other cardiac
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conditions, although patients (50%) often remain asymptomatic [25]. Dyspnea

on exertion, fatigue, congestive heart failure, pulmonary hypertension, bacterial
endocarditis and arrhythmias are common presentations in symptomatic patients.
Myocardial ischaemia may also occur, but the mechanism remains speculative [25].
Symptomatic patients or those with severe shunts may be treated with surgical
closure, although percutaneous closure with coil embolization may also be tried.

5.4 Myocardial bridging

A myocardial bridge occurs when one of the coronary arteries takes a tunneled
intramuscular course under a bridge of overlying myocardium. The myocardial
fibers passes over the involved segment of the LAD, and each contraction of these
fibers can cause narrowing of the artery. On angiography, the bridged segment is of
normal caliber during diastole and abruptly narrows with each systole.

Although bridging is not thought to have any hemodynamic significance in most
cases, myocardial bridging has been associated with angina, arrhythmia, depressed
left ventricular function, myocardial stunning, early death after cardiac transplan-
tation, and sudden death [21, 26]. Intracoronary Doppler studies have shown that
diastolic flow abnormalities may be present in patients with myocardial bridging.
Medical treatment generally includes beta blockers, although nitrates should be
avoided because they may worsen symptoms. Intracoronary stent and surgery have
been attempted in selected patients, but the results have been mixed.

5.5 Percutaneous coronary intervention and anomalous coronary artery

Several problems may be encountered during the angiography and angioplasty
of anomalous origin of culprit coronary artery (AOCCA), including precise diagno-
sis, selection of an appropriate guiding catheter, insufficient backup force, and dif-
ficulties in balloon or stent delivery. The final success of the procedure is depended
from the careful assessment of the AOCCA configuration, proximal angulation,
vessel course and subsequent selection of an appropriate guide catheter and guide
wire.

5.6 Femoral versus radial approach

In case of AOCCA femoral access may offer better options allowing for easy,
and multiple catheter exchanges [27]. Although, in the setting of ACS, the operator
is usually unaware of AOCCA presence, having to make the best use of the chosen
access site. Also, it seems best to use the approach one is most comfortable with as
there is usually a way to perform successful PCI of AOCCA regardless of access site.

5.7 Right versus left radial approach

In a meta-analysis of 12 prospective randomized trials comparing above-men-
tioned approaches there was a small but statistically significant difference in terms
of contrast use and fluoroscopy time in favor of coronary procedures performed via
left radial approach compared to the right radial approach, but without any differ-
ence in access site or other procedural complications [28].

5.8 Additional tools

Anchoring balloons or anchor wire techniques may be helpful tools [29]. The
latter maneuver was used to treat one of the present patients. Still, this culprit was
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not proven for AOCCA. Extension catheters, such as Guideliner or Guidezilla often
allow for safe and stable intubation and facilitate stent placement.

6. Case presentations
6.1Casel

First case is a 62-year-old female patient hospitalized in our clinic due to
chest pain with a history of arterial hypertension and diabetes mellitus. Cardiac
biomarkers showed: serum creatinine kinase (CK) level of 82 IU/L, creatinine
kinase-myocardial band (CK-MB) level of 33.6 IU/L, and troponin-T level of
684 ug/L. Electrocardiography (ECG) is characterized with ST segment depression
in V1-V3. Transthoracic echocardiography (TTE) presented regional wall motion
abnormality in the entire severely hypokinetic inferior wall.

The coronary angiography revealed the left coronary artery arising from the right
coronary sinus sharing a same ostium with right coronary artery (Figure 3). The
proximally and distally stenosed left anterior descending artery (LAD) (Figure 4)
associates with calcified atherosclerotic medial and distal right coronary artery (RCA)
stenosis (Figure 5).

6.2 Case?2

The second case is a 47-year-old male who presented to emergency department
with chest pain. He also had a history of arterial hypertension and a positive history
for ischemic heart disease. Cardiac biomarkers: serum creatinine kinase (CK),
creatinine kinase-myocardial band (CK-MB), and troponin-T were not increased.
Electrocardiography (ECG) showed atypical ST segment changes in leads V4-V6.
Transthoracic echocardiography (TTE) did not present regional wall motion
abnormalities.

A coronary angiogram showed an anomalous right coronary artery arising from
the left Valsalva sinus from a separate ostia with the left coronary artery (Figures 6
and 7). Medial and distal segments of LAD were tortuous (Figure 8).

Figure 3.
Coronary angiography revealed a left covonary artery arising from the right Valsalva sinus sharing a same
ostium with right coronary artery.
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Figure 4.
Stenosis of the proximal and distal segments of LAD.

Figures.
Selective cannulation of RCA. Calcified atherosclerotic medial and distal RCA stenosis.

6.3 Case 3

The third case is 64-year-old man hospitalized to our clinic due to of chest pain.
Also, patient was a smoker and had a history of arterial hypertension, obesity, and
dyslipidemia. Biochemical parameters were: serum creatinine kinase (CK) level
of 82 IU/L, creatinine kinase-myocardial band (CK-MB) level of 6.5 ng/mL, and
troponin-I level of 0.1 ng/mL. Electrocardiography (ECG) is characterized with
deep Q wave in inferior and V4-V6 leads with biphasic T in inferior and V3-V6
leads. In transthoracic echocardiography (TTE) is presented with regional motion
abnormalities in the entire severely hypokinetic inferoposterio wall.

The patients underwent coronary angiography that revealed the LCx arising
from the right coronary sinus (Figure 9). The mildly stenosed LCx coexists with a
stenosed RCA.

6.4 Case 4

The second case is 67-year-old man presented to the emergency department
with chest pain that had developed 6 h previously. That patient had a history of
arterial hypertension for 10 years, diabetes mellitus type 2, and chronically hemo-
dialyzed for 7 years. The laboratory findings showed a serum creatinine kinase (CK)
level of 473 IU/L, creatinine kinase-myocardial band (CK-MB) level of 6.4 ng/mL,
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Figure 6.
Right coronary artery.

Figure 7.
Right coronary artery rising from left Valsalva sinus from a separate ostia with the left coronary artery.

Figure 8.
Tortuous medial and distal segments of LAD.

and troponin-I level of 0.15 ng/mL. Electrocardiography demonstrated ST segment
depression of 1-2 mm in leads V4-V6, and inverted T wave in D2, D3, aVF. The
transthoracic echocardiography (TTE) revealed severely hypokinetic medioapical
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Figure 9.
Revealed LCx arising from vight coronary sinus.

Figure 10.
Revealed a LCx as a proximal branch of RCA.

segments of anterolateral wall, and hypokinetic basal segments of interventricular
septum and inferior wall.

The coronary angiography revealed a left circumflex artery (LCx) as a proximal
branch of the right coronary artery (Figure 10). The LAD contained an proximal
lesion up to 80%. The LCx and RCA are occluded in medial segment.

7. Comments

The coronary angiography of patients with coronary ischemia determined
atherosclerotic disease with possibility of the presence of coronary artery anoma-
lies, but also coronary angiography may reveal coronary artery anomaly without
the presence of atherosclerotic changes. The ectopic origin from opposite sinus of
coronary artery anomalies that presents with atherosclerotic changes continues to
exist as a challenge during treatment in interventional cardiology.

The atherosclerotic coronary artery disease leads to the need of coronarography
which can find out the presence of coronary artery anomalies. We should think
about these anomalies during coronarography knowing that based on type of these
anomalies and considering the vulnerability to atherosclerosis will be determined
the method of the treatment.
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Chapter 8

Systemic Sclerosis

Murat Borlu and Eda Oksiim Solak

Abstract

Systemic sclerosis (SSc) is a chronic, autoimmune disease which can affect
the blood vessels, the visceral organs, and the skin. SSc, most commonly, devel-
ops between the ages of 30 and 50, but it can be seen at any age. In terms of skin
involvement, SSc can be classified as limited or diffuse. Its etiopathogenesis is
still unclear. Microvascular dysfunction is thought to be followed by immunologi-
cal activation, collagen and extracellular matrix deposition, and finally fibrosis.
Diagnosis is based on clinical presentation. Sclerosis of the metacarpophalangeal
and/or metatarsophalangeal joints is the major diagnostic criterion, whereas sclero-
dactylia, digital ulcers (DU), and pulmonary fibrosis are the minor criteria. SSc is
diagnosed with one major criterion or two minor criteria. Detection of autoantibod-
ies can help the diagnosis. Antinuclear antibody (ANA), anti-centromere antibody,
anti-scl 70, RNA polymerase 1 and 3, and anti-fibrillin antibody can be found
positive in SSc. SSc must be differentiated from all sclerosing diseases and the dis-
eases with Raynaud’s phenomenon. Visceral diseases, such as primary pulmonary
hypertension, primary biliary cirrhosis, and infiltrative cardiomyopathy, should
also be considered in its differential diagnosis. The main treatment goal is to target
visceral involvement.

Keywords: sclerosis, chronic, microvascular, visceral

1. Introduction

Systemic sclerosis (SSc) is a chronic immune-mediated connective tissue
disease, including the skin, inner organs, and blood vessels, with heterogeneous
multiple organ involvement whose etiology is unknown. It has two subtypes:
diffuse and limited. Its incidence ranges from 4 to 43 million people [1-3] per year,
with a prevalence of 88-443 million [4, 5]. It can be seen at any age, though it is
most commonly seen in patients aged 30-50 years. The disease shows an earlier
onset and a more severe course in black patients [6]. The incidence in women is
three to four times higher than in men [6]. Epidemiological studies showed that
there is a significant increase in SSc risk in people, whose first-degree relatives have
this disease [7].

2. Pathogenesis
The pathogenesis of SSc is not fully known. Disease-triggering agents are some
organic solvents (e.g., silica, vinyl chloride, trichloroethylene, epoxy resins, ben-

zene, carbon tetrachloride), some viral diseases (HSV5, CMV), some medications
(bleomycin, pentazocine), and radiotherapy [8].

121 IntechOpen



Vascular Biology - Selection of Mechanisms and Clinical Applications

Basic pathogenicities of the disease are microvascular function disorder (vascu-
lopathy) and immune activation, and the final effect of these events is progressive
tissue fibrosis with activation of fibroblasts [9].

Vascular disease is observed earliest in SSc pathogenesis. The disease plays an
important role in the occurrence of pulmonary artery hypertension, Raynaud’s
phenomenon, renal damage, and digital ulcers (DU) [10-13]. Raynaud’s phenom-
enon, a typical clinical characteristic of SSc, is a finding characterized by persistent
vasospasm and increased adhesion molecules following ischemia and reperfusion
attacks [14]. Increased adhesion molecules trigger platelets and neutrophils that
bind to endothelial cells and produce superoxide radicals responsible for endothelial
cell damage [15]. In addition, an imbalance between vasoconstrictor agents such as
endothelin-1 (ET-1) and vasodilating agents such as nitric oxide was observed in
SSc, which plays a role in the change of vascular permeability [16]. Increased ET-1
expression plays a role in vascular fibrosis, inflammation, and increased smooth
muscle cell proliferation [12]. An impaired cross talk between endothelial cells and
perivascular cells may induce an abnormal expression of endothelial growth factor
(VEGF), TGF-B, and platelet-derived growth factor (PDGF) in SSc. This may lead
to a disruption of peripheral vascularization, which results in fibrosis of the skin
and internal organs [17].

It has been determined that Th2 cytokines such as IL 4, IL 5, and IL 13 are over-
secreted in SSc patients. It increases IL 4 collagen synthesis and TGF-p production.
With IL 13, however, fibroblast activity and TGF-p stimulation are carried out
[18]. Also, B-cells produce antibodies and carry out direct fibroblast stimulation
viaIL 6 [18].

3. Diagnostic criteria and classification
SSc is a heterogeneous disease and this disease spectrum contains different

forms. Although the CREST syndrome (calcinosis, Raynaud’s phenomenon,
esophageal motility disorder, sclerodactyly, telangiectasia) was first defined in 1959,

Criteria Score

1. Skin hardening of the fingers of both hands spreading proximal to the MKF joints 9

2. Skin hardening of the fingers

* Puffy fingers 2

* Sclerodactyly (only high scores will be counted) 4

3. Fingertip lesions

* Digital ulcers

» Digital pitting (only high scores will be counted)

4. Telangiectasia

5. Capillary changes such as abnormal fingernails

6. Pulmonary arterial hypertension

* Interstitial lung disease (maximum 2 points)

7. Raynaud’s phenomenon

W W NN W N

8. SSc-related autoantibodies (anti-centromere, anti-topoisomerase I, anti-RNA
polymerase III)

Table 1.
ACR/EULAR 2013 systemic sclevosis classification criteria (adapted from source [21]).
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it does not fit any classification criteria, and since a subgroup has not been fully
defined, it is recommended not to use it nowadays [19].

The criteria published by the American Radiology Associates (ARA) in 1980
have been used for classification for a long time. According to this, symmetrical
skin sclerosis in the metacarpophalangeal joint or proximal of the metatarsopha-
langeal joint is a major criterion, while sclerodactylia, digital atrophic cicatrice, and
the loss of finger fat tissue in the distal and bilateral fibrosis in the lungs constitute
minor criteria. Diagnosis is possible with the presence of the major criteria or two
minor criteria [20]. The ARA criteria do not include patients with limited skin
involvement or early SSc and do not involve capillaroscopy/autoantibody tests.

In 2013, the American College of Rheumatology/European League against
Rheumatism (ACR/EULAR) classification criteria were defined. Sensitivity and
specificity of these criteria were shown to be higher than the ARA criteria [21].
Table 1 shows the ACR/EULAR 2013 systemic sclerosis classification criteria. The
total score is the sum of the points received from different categories. Patients
with a score of nine or higher are classified as definitive systemic sclerosis.
However, the use is not recommended in patients with skin thickening that does
not involve the fingers, in the presence of scleroderma-like diseases or better clini-
cal pictures.

4. Clinical findings
4.1 Cutaneous involvement

Systemic sclerosis is divided into two subgroups, according to cutaneous
involvement: limited systemic sclerosis and diffuse systemic sclerosis. If cutaneous
involvement is limited to distal extremities and the face, it is classified as limited
systemic sclerosis, and if the involvement is present in the truncus and extremities,
it is classified as diffuse systemic sclerosis [22]. Also, systemic sclerosis sine sclero-
derma, of which 5% of SSc patients are affected, shows typical SSc symptoms but
no fibrosis of the skin [23]. Raynaud’s phenomenon is seen in more than 90% of SSc
patients and is triggered by exposure to cold or emotional stress. It is characterized
by white, blue, and red discoloration after triggering and most often affects the
hands, feet, tongue, ears, and nose [24].

Cutaneous involvement generally consists of three phases. In the first stage, the
edematous phase, non-pitting edema, facial mask appearance, and swelling of the
fingers can be seen. After that comes the indurative phase, where the skin hardens
and gets a shiny and tense appearance. The last stage is the atrophic phase, charac-
terized by claw hand and sclerodactyly. Sharpening of the nose, thinning of the lips,
vertical streaks around the mouth (Figure 1), and facial mimic loss may be seen.
Skin lines or hyperpigmentation of skin areas exposed to trauma and depigmenta-
tion areas on the truncus, face, hand back, and leg fronts may develop. In some
cases, the presence of depigmented areas, where perifollicular areas are preserved,
results in an appearance of “salt and pepper” on the skin.

In systemic sclerosis disease-specific capillary dilatation, stumps and the pres-
ence of avascularity areas can be shown with nail bed capillaroscopy [25]. Sweat
and atrophy of the sebaceous gland may lead to dry skin, flaking, and itching.
Depending on the calcium accumulation in the skin, hard subcutaneous nodules
may appear around the small joints of the hand (calcinosis cutis), which may open
to the outside and become ulcers [26]. Ulcers (Figure 2) may also develop due to
ischemia, trauma, and fibrotic tissue. Telangiectasia is commonly seen in SSc and is
stated in the classification criteria [21].
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Figure 1.
Nasal sharpening and perioval vertical streaks in a patient.

Figure 2.
Digital ulcer in a patient.

4.2 Gastrointestinal system involvement

Ninety percent of scleroderma patients show gastrointestinal involvement.
Although it can involve any part of the gastrointestinal tract from the mouth to the
anus, the esophagus is the most commonly involved area [27]. The most common
complications of SSc in the oral cavity are microstomy and xerostomy. Symptoms
of esophageal disease depend on dysmotility and reflux, and related to this, dys-
phagia, odynophagia, regurgitation, pyrosis, chronic cough, or hoarseness can
occur. Stricture, Barrett’s esophagus, aspiration pneumonia, and adenocarcinoma
may develop as complications in these patients [27, 28]. The two most common
symptoms of SSc in the stomach are gastroparesis and gastric antral vascular ectasia
(GAVE). A typical striped watermelon appearance is present. Iron deficiency
anemia due to GAVE may also be seen [28]. After bacterial growth due to small
intestinal involvement, diarrhea and malabsorption or pseudo-obstruction due
to hypomotility and dilatation may be observed [28]. Constipation, fecal, rectal
prolapse, spontaneous perforation, and colon infarction may develop in the colon
and have anorectal involvement [29].
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4.3 Pulmonary involvement

Pulmonary involvement, the most important cause of mortality and morbidity
in SSc, may occur in the form of interstitial lung disease (ILD) or pulmonary arte-
rial hypertension (PAH) [30].

The highest risk for ILD development is within the first 5 years of the disease.
Progressive exercise dyspnea and nonproductive cough are the most common
symptoms. Diagnosis is placed with the help of imaging methods and pulmonary
function tests. High-resolution computed tomography is a sensitive method in
imaging and can show the degree of fibrosis.

Pulmonary artery hypertension affects approximately 15% of scleroderma
patients and leads to right heart failure, and the gold standard method for the
diagnosis of PAH is right heart catheterization with high pressure in the pulmonary
artery [31].

4.4 Musculoskeletal involvement

The most common involvement of the musculoskeletal system in SSc are
tendinopathy, joint contractures, and in some cases arthritis. In 45-90% of patients,
arthralgia and arthritis of the small joints of the wrist, knees, and ankles occur [31].

Tenosynovitis and tendon ruptures are frequently detected in SSc. Tendon
friction sound that can be detected by physical examination is caused by fibrotic
deposits in the tendon sheath [32].

Calcinosis and acroosteolysis in the bones (resorption of terminal phalanx) can
be seen in SSc patients. These changes are related to digital ischemia [31].

In addition, muscle weakness and pain, which mainly affects the proximal
muscles, is another common symptom in SSc. Muscle involvement may occur in
the form of myopathy or myositis, and patients should be evaluated from this angle
[31]. Muscle weakness may result from nonuse, sedentary life, or joint/tendon
involvement or sometimes as a side effect of treatment.

Although respiratory muscle involvement is not common in SSc, respiratory
muscles may be affected in SSc-polymyositis/dermatomyositis overlap syn-
drome [31].

4.5 Cardiac involvement

Cardiac involvement in SSc can be seen in two ways: primary and secondary.
Secondary involvement may be secondary to pulmonary arterial hypertension,
interstitial lung disease, or kidney disease [33]. Primarily, all layers of the heart,
conduction system, coronary vessels, and valves can be involved. Because of these
involvements, pericardial effusion, supraventricular or ventricular arrhythmias,
conduction disorders, valve regurgitation, myocardial ischemia, myocardial hyper-
trophy, and heart failure may develop [34].

Because myocardial findings are often faint, especially in the early stage, it is
very difficult to detect these patients. However, when the involvement progresses
to the symptomatic stage, the patient develops one of the poor prognostic factors
[31]. Therefore, early diagnosis of cardiac involvement in SSc is very important.
Electrocardiography or echocardiography is not effective in detecting cardiac fibro-
sis. Magnetic resonance imaging (MRI) is the only method that can detect cardiac
involvement in the early stages of the disease. A cardiac MRI can show myocardial
inflammation, fibrosis, decreased perfusion of the heart muscle, and ventricular
dysfunction [35].
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4.6 Renal involvement

Renal involvement in scleroderma is quite common. Even though it appears
often as mild renal dysfunction, it can also cause a severe clinical table called sclero-
derma renal crisis (SRC). The pathogenesis of SRC is not fully known, but studies
suggest vasculopathy as a source. Corticosteroids and vasospasm-causing drugs
(tacrolimus, cyclosporine, and cocaine) may play a role in the etiology [36]. The
risk of SRC development increases in the presence of the autoantibodies anti-RNA
polymerase III, anti-topoisomerase I, and anti-U3RNP [36].

Some patients show a chronic clinical table with gradual decrease in eGFR,
increase in serum creatinine concentration, proteinuria, hematuria, and moderate
arterial hypertension [31].

Decreased glomerular filtration rate, increased serum creatinine, hemolytic
anemia, proteinuria, and decreased platelet count are laboratory findings indicating
renal involvement [31].

5. Autoantibodies

Antinuclear antibodies (ANA) are 90-95% positive in SSc patients and are the
most commonly detected autoantibody. Scleroderma-like diseases should also be
considered in the case of ANA negativity. Anti-topoisomerase I (anti-scl 70) antibod-
ies are connected to pulmonary complications, digitals ulcers, and progressive hand
involvement. Anti-centromere antibodies are common in limited SSc and positively
increase the risk of pulmonary fibrosis and pulmonary hypertension. Anti-RNA
polymerase III antibody is associated with renal crisis. Also anti-U3RNP and anti-Th/
To antibodies can be detected positively, and the anti-U3RNP antibody increases the
risk of pulmonary artery hypertension and cardiovascular complications [37].

6. Histopathology

The diagnosis of systemic sclerosis is placed clinically; therefore biopsy is not
recommended routinely [38]. It can be used to rule out other diseases for differen-
tial diagnosis. Histologically, excessive collagen accumulation, atrophy of pilose-
baceous and eccrine glands, subcutaneous fat loss, and lymphocytic infiltrate are
observed. Increased collagen can compress adnexal structures, especially eccrine

glands [38].

7. Differential diagnosis

There are many diseases that may trigger dermal sclerosis. The form and charac-
ter of skin involvement, history of underlying diseases, and chemical exposures are
helpful factors in approaching the diagnosis of a patient with skin thickening. Some
laboratory studies may be beneficial in verifying imaging and skin biopsy diagnosis
[8]. Eosinophilic fasciitis, scleroderma, scleromyxedema, and nephrogenic systemic
fibrosis are important in the differential diagnosis of SSc. SSc can be differenti-
ated from other scleroses by the presence of Raynaud’s phenomenon, typical distal
extremity involvement, nail fold capillary findings, presence of autoantibodies, and
internal organ involvement. While the groove mark, which is a recess caused by the
withdrawal of subcutaneous tissues along the path of the superficial vessels, favors
the eosinophilic fasciitis [39], the detection of monoclonal gammopathy directs
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the diagnosis towards scleroderma or scleromyxedema (bbb). Again, if underlying
renal failure or gadolinium exposure is detected, the first thought should be towards
nephrogenic systemic fibrosis [40].

8. Treatment

The pathogenesis of SSc is still unclear. In recent years, advances have been made
in the treatment of the disease, resulting in a prominent improvement in survival
rates. The efficient treatment of complications increases the chances of success.
Disease duration, complications, and disease activity should be taken into consid-
eration when making therapeutic decisions. The treatment is based on modifying
agents and organ-specific drugs [41].

Peripheral vascular involvement frequently occurs as Raynaud’s phenomenon. In
addition, digital ischemia due to digital vasculopathy, digital ulcers, and associated
amputations may be the causes for morbidity in SSc.

Patients with Raynaud’s phenomenon should protect themselves from the cold.
They also should not smoke and should avoid vasoconstrictor agents. Calcium
channel inhibitors (nifedipine, diltiazem, amlodipine) should be the first choice as
treatment [41]. Iloprost and other intravenous prostanoids can be used in cases that
do not respond to the above. Also, phosphodiesterase type 5 (PDES5) inhibitors may
be effective in resistant cases. Selective serotonin reuptake inhibitors, pentoxifyl-
line, prazosin, and endothelin receptor antagonists (ERA) are agents that are less
effective and used in selected cases [42].

Early treatment of patients with digital ischemia SSc reduces the risk of morbid-
ity. Intermittent infusion of prostacyclin or analogs was found to be effective in
the treatment of RF and ischemic digital ulcer [41]. Sildenafil and bosentan are
recommended for the treatment of digital ulcers that developed due to unsuccessful
treated systemic sclerosis with calcium channel blockers and prostanoid therapies
[41]. There are also uncontrolled studies suggesting that atorvastatin, vitamin E,
and intravenous N-acetylcysteine may be beneficial. Mesenchymal stem cell therapy
is one of the developing methods in the treatment of DU [43].

The first choice for the treatment of pulmonary artery hypertension is phos-
phodiesterase type 5 inhibitors (e.g., sildenafil or tadalafil) or endothelin receptor
antagonists such as bosentan and macitentan. If those are not effective, prostanoids
may be added to the treatment [44]. Prostanoids are the first choice in severe
cases. If there is no response, combination treatments can be applied. Recently, the
guanylate cyclase agonist riociguat has been involved in treatment [41].

The treatment of interstitial lung disease patients is based on immunosuppres-
sive drugs. The first preferred agent is oral mycophenolate mofetil (MMF). One of
the applied treatment regimens for nonresponsive patients is the administration
of cyclophosphamide (CYC) orally at doses of 1-2 mg/kg/day or iv 600 mg/m?/
month. After the disease activity has been taken under control, it is recommended
to continue treatment with azathioprine at a dose of 2.5 mg/kg/day [41]. In selected
patients, rituximab (RTX, anti-CD20 monoclonal antibody) can be used as an alter-
native treatment [41, 45].

Immunosuppressants such as methotrexate (MTX), cyclophosphamide, and
mycophenolate mofetil are commonly used in fibrosis of the skin [31]. If the
treatment is unsuccessful or if these drugs cannot be used for whatever reason,
low-dose systemic corticosteroids or rituximab may be preferred [31]. The effect of
D-penicillamine, which has been used for many years, is controversial [46].

In systemic sclerosis, exertional dyspnea, tachycardia, and chest pain may occur
due to myocardial involvement. Selective beta-blockers are effective in this kind
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Organ involvement Recommendation Strength of
recommendation

Raynaud’s phenomenon * Calcium antagonists A
¢ PDE-5 inhibitors A
¢ Prostanoids A
¢ Fluoxetine C

Digital ulcers * Intravenous iloprost A
* PDE-5 inhibitors A
* Bosentan’ A

Pulmonary arterial * ERA, PDE-5 inhibitors, riociguat B

hypertension
* Intravenous epoprostenol A
* Other prostacyclin analogs (iloprost, B

treprostinil)

Skin and lung disease

Skin ¢ Methotrexate A

Lung disease ¢ Cyclophosphamide A
¢ HSCT A

SRC * ACE inhibitors C
* "Glucocorticoids are associated with a C

higher risk of SRC
Gastrointestinal disease PPI B
Prokinetic drugs C
Antibiotics L

ERA, endothelin receptor antagonists; HSCT, hematopoietic stem cell transplantation; PAH, pulmonary arterial
hypertension; PDE-5, phosphodiesterase type 5; PPI, proton pump inhibitor; SRC, scleroderma renal crisis; SSc,
systemic sclevosis; RP, Raynaud’s phenomenon.

“Treats and reduces the formation of new ulcers.

"Blood pressure and renal function should be carefully monitored in SSc patients treated with glucocorticoids.

Table 2.
The updated EULAR recommendations for treatment of systemic sclerosis.

of symptoms [33]. If cardiac tamponade develops due to pericarditis in cardiac
involvement, treatment becomes more difficult. The patient may not respond to
systemic corticosteroid therapy, and drainage treatment may become necessary
[47]. Some SSc patients may develop microvascular ischemia due to vasospasm of
small coronary arteries and arterioles, also called cardiac Raynaud’s phenomenon.
Nifedipine treatment is quite effective in such patients [48].

SSc patients with GI involvement of dysphagia, pyrosis, esophageal reflux,
esophagitis, distention, abdominal pain, and diarrhea can be treated with proton
pump inhibitors (PPI), prokinetic drugs, and intermittent antibiotics (gg). Patients
that developed gastric antral vascular ectasia may have severe upper GI bleed-
ing. Here, supportive treatment and endoscopic treatment methods can be used.
Surgical antrectomy becomes necessary as the last resort in resistant cases [49].

The first choice for patients with scleroderma renal crisis is a high dose of
angiotensin receptor antagonists (ACE-I). It was determined that this treatment
significantly decreased mortality [31]. In cases with insufficient response, angio-
tensin receptor blockers (ARB) and calcium channel blockers may be combined
with ACE-I treatment of nitrates [31]. Beta-blockers are not recommended due to
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their vasoconstriction enhancing effects. Hypotension should be avoided, and close
monitoring should be performed for patients using systemic steroids since they
significantly increase the risk [50].

The updated EULAR recommendations for the treatment of systemic sclerosis
are summarized in Table 2.

9. Result

As a result, we should not forget that systemic sclerosis is a chronic disease that
can cause serious morbidity and mortality and that placing a diagnosis can be dif-
ficult from time to time. The disease does not have a specific treatment. The patient
should be evaluated according to involved systems and clinical table. In addition,
early diagnosis and early initiation of treatment increase the chances of efficacy.

A better understanding of the pathogenesis may lead to the development of more
successful and specific treatment methods.
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Chapter 9
Vasculitis and Vasculopathies

Ana Paula Urzedo, Mariane Martins Manso
and Thaisa Macarini de Faria

Abstract

Our organism, as complex as it is, needs a giant vascular network to deliver
nutrients to all cells, so vasculopathies and vasculitis are diseases present in all
medical specialties. The skin and subcutaneous cellular tissue are irrigated by a vast
vascular network, with cutaneous involvement related to these frequent patholo-
gies. These can be restricted to the integumentary system or be part of systemic
diseases with cutaneous manifestations, which make them of great interest to
dermatologists. They can affect any caliber of vessels and present with several
dermatological manifestations such as erythema, livedo reticularis, palpable
purpura, nodules, ulcers, urticaria, hemorrhagic blisters, gangrene and other
manifestations that can be isolated or associated with systemic signs and symptoms.
However, there is no worldwide consensus regarding the classification of vasculitis,
and the classification proposed in this chapter is based on the International Chapel
Hill Conference Nomenclature of Vasculitides 2012, which is based on the size of
the vessels. The purpose of this chapter is to compile a review of the most current
treatments for these conditions.

Keywords: vasculitis, lymphocytic, cutaneous small vessel, systemic vasculitis,
leukocytoclastic, cutaneous, vascular diseases

1. Introduction

Vasculitis and vasculopathies are a group of diseases that course with an inflam-
matory process, which attacks vascular endothelium of vessels of different calibers.
Usually, they course with dermatology lesions, the diagnosis is difficult, and they
have a few treatment options. Despite that, an early diagnosis can contribute to a
better quality of patient’s life and prevent further complications (Figure 1) [1].

2. Methods

The authors performed a bibliographic review from cutaneous vasculitis and
vasculopathies from literature, including online academics platforms such as PubMed
and Google Scholar and dermatology books as Rivitti and Fitispack. The keywords used
from this chapter were cutaneous vasculitis, Takayasu arteritis, Giant Cell Arteritis,
Polyarteritis Nodosa, Kawasaki Disease, Microscopic polyangiitis, Granulomatosis
with Polyangiitis (Wegener’s), Eosinophilic Granulomatosis with Polyangiitis
(Churg-Strauss), Cryoglobulinemic Vasculitis, Urticaria Vasculitis, Henoch-Schonlein,
Behget’s syndrome, Cutaneous leukocytoclastic angiitis, cutaneous vasculopathies,
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Figure 1.
Purpuric macules and papules coalescing into patches (A) in small vessel vasculitis and fixed livedo reticularis
and subcutaneous nodules (B) in medium vessel vasculitis (polyarteritis nodosa) [2].

Phospholipid Antibody Syndrome, Blue Finger Syndrome, Acrocyanosis and others.
The final objective was summing up the dermatology vasculitis and vasculopathies and
helping physicians in early diagnosis and treatment.

3. Cutaneous vasculitis

Cutaneous vasculitis may affect vessels of different calibers, especially small and
medium in the skin and the subcutaneous tissue, resulting in just a small cutaneous
lesion until serious systemic commitment. Nevertheless, the classification is not
a consensus. In general, they are classified using clinical criteria, size of the ves-
sels, histopathological exams, laboratorial findings and etiologic agents [3, 4]. In
2012, the Chapel Hill Consensus Conference (CHCC) proposed a new classification
from the most used since 1994, removing many eponymous. The classification is a
strategic pillar to help choose the right path to lead these patients through the right
treatment [4, 5] (Table1).

3.1 Large vessel vasculitis
3.1.1 Takayasu arteritis

It is a large vessel vasculitis whose etiologic agent is unknown. It is more fre-
quently found in young Asiatic women, in the proportion from 5 to 12 W:1 M, and
usually affects the aorta and its main branches. It is not a rare disease but is not as
usual as arteritis of giant cells. The diagnosis is usually late because these patients
develop many collateral arteries, they have nonspecific symptoms and the develop-
ment of these affections is very slow. Pregnancy in patients affected by Takayasu
arteritis is a troubling problem because it affects women of childbearing age, and it
will cause risks to the mother and the child. The arteritis could be associated with
Crohn’s and rectocolitis disease [6].
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Classification Diseases

1 Large vessel vasculitis Takayasu arteritis
Giant cell arteritis

2 Medium vessel Polyarteritis nodosa
Kawasaki disease

3 Small vessel vasculitis Microscopic polyangiitis
ANCA-associated vasculitis Granulomatosis with polyangiitis (Wegener’s)
Eosinophilic granulomatosis with polyangiitis
(Churg-Strauss)

4 Small vessel vasculitis Antiglomerular basement membrane disease
Immune complex Cryoglobulinemic vasculitis (CV)
Hypocomplementemic urticarial vasculitis (anti-Clq
vasculitis)

IgA vasculitis (Henoch-Schénlein)

5 Variable vessel vasculitis Behget’s syndrome
Cogan’s syndrome

6 Single-organ vasculitis Cutaneous leukocytoclastic angiitis
Cutaneous arteritis
Primary central nervous system vasculitis

7 Vasculitis associated with systemic Lupus vasculitis
disease Rheumatoid vasculitis
Sarcoid vasculitis
Others
8 Vasculitis associated with probable Hepatitis C virus-associated CV
cause Hepatitis B virus-associated vasculitis

Syphilis-associated aortitis

Drug-associated immune complex vasculitis
Drug-associated ANCA-associated vasculitis
Cancer-associated vasculitis

Others

Table 1.
2012 International Chapel Hill Consensus Conference Nomenclature of Vasculitides [3].

The more effective treatments are oral corticosteroids, but there are many
relapses when corticosteroids taper. High doses of corticosteroids (40-60 mg/day
of prednisone or equivalent) should be initiated immediately after the diagnosis to
induce remission. During disease remission, it is necessary sparing the drug until
15-20mg/day for two or three months, and after a year decrease the doses to 10mg/
day or less. The immunosuppressive agents are used as corticoid sparing agents such
as methotrexate, azathioprine, leflunomide, mycophenolate mofetil and cyclophos-
phamide [6]. There are evidences that biological agents such as anti-TNF-alpha,
tocilizumab and rituximab could be effective in refractory cases, but more trials
are necessary to evaluate the effectiveness of these drugs [8]. In addition, patients
with ischemic problems need endovascular interventions. The mortality range is
between 3 and 21% [6].

3.1.2 Giant cell arteritis (GCA)

It is a systemic vasculitis of large vessels, with tropism to the aorta and its
branches, mainly external carotid. It is a most common vasculitis in above 50-year-
olds and affects more women than men (3 W:2 M). The corticosteroids are the most
common therapeutic used in these cases. In the beginning, we need high doses of
corticosteroids to control the inflammation, and then it could be used sparingly
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until controlled in the patient. These strategies are valid for simple and complicated
forms of the disease [7].

Simple form is defined by cephalic isolated symptoms with visual disturbance
or changes in central nervous system. Nowadays, the gold standard treatment is
oral prednisone or equivalent 40-60 mg/day, and methylprednisolone is not used
anymore. The initial dose recommended is 0.7 mg/kg day of prednisone and the
maximum dose is 80 mg/day [7].

The complicated form is defined when there is an ophthalmologic or a central
nervous or extracephalic complication, mainly aorta and its branches. In these
cases, methylprednisolone in pulses of 500 mg™" g a day shall be used for 1to 5
consecutive days. During maintenance, some authors believe in doses less than
5 mg/day. The American Society of Ophthalmology recommends pulses of intrave-
nous methylprednisolone, when patients have ophthalmologic symptoms, but the
Rheumatology Society prefers oral corticosteroid [7].

It is strategic to introduce corticosteroid-sparing drugs when the disease course
is lasting long. Methotrexate is the most used treatment and with more evidence
levels. There are four trials with methotrexate as a sparing drug, but the doses and
the management are variable from 7.5-15 mg/week [7].

Cyclophosphamide has demonstrated effectiveness in patients dependent on
corticosteroids or resistant to treatment. It is necessary to give more than 20 mg/day
for 6 months or 10 mg/day for 1 year or more. The dose from 500 mg/m” or 500 mg/
injection in 6 courses is standard from 5 months on average. It is highly important to
warn patients of several side effects such as bone marrow suppression [7].

Azathioprine therapy has less controlled studies. Some studies showed a modest
improvement. Hydroxychloroquine, an antimalarial synthetic drug, was tested also.
One French study divided patients into two groups: one took prednisone 0.7 mg/
kg/day in the beginning associated with hydroxychloroquine (400 mg/day) and the
control group just received prednisone and placebo. The group that had hydroxy-
chloroquine and corticoid had usually stopped later the prednisone and they had
more relapses [7].

Nowadays, one option is biologics medicines. Anti-TNF-alpha does not have
enough studies that showed control of the disease with this class of medication [7].
Tocilizumab, a humanized antibody that blocked membranous and soluble recep-
tors of IL-6 (IL-6R), is a current option since IL-I1-6 is implicated in the etiopatho-
genesis of this affection. Three main studies evaluated the efficacy of the drug,
although the therapeutics was different between these studies [7, 8].

A randomized control trial with 30 patients had tested 20 patients receiving
corticoids and tocilizumab (8 mg/kg every 4 week during a year), and 10 received
corticoids and placebo. The survival without relapses during a year was highest in
patients treated with tocilizumab. However, there are no data available after the
medication was stopped [7, 8].

Another promising biotherapy is abatacept. This medication with corticoids
could decrease the risk of relapses, although more data is necessary to corroborate
this hypothesis.

Ustekinumab, a subunit against anti-p40 IL-12/23 targeting Th1 and Th17
responses, has been showing similar side effects as corticoids. Some patients, who
had refractory disease, have been treated with anakinra and they achieved success.
Anakinra is a biopharmaceutical drug that blocks IL-1. All patients who had taken
the drug had shown improvement in inflammation biomarkers and/or in their
symptoms, with the disappearance of arterial inflammation in PET/CT. More stud-
ies are necessary though [7].

Other pharmacological drugs can be used as adjuvant treatments such as anti-
platelets and anticoagulants, but there is no official recommendation about these
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drugs in the treatment of GAC. The statins do not influence the evolution of the
disease, but they are used to prevent cardiovascular risk. Furthermore, these drugs
could have an anti-inflammatory role via the inhibition of TH17 pathway [7].

3.2 Medium vessel vasculitis
3.2.1 Polyarteritis nodosa (PAN)

It is a rare necrotizing systemic vasculitis that affects small- and medium-sized
vessels and is not usually associated with ANCA [8, 9], although there are reports
in the literature of patients with PAN and positive ANCA. Several treatments are
suggested for this condition, and the control is still a challenge [9].

Cutaneous involvement and peripheral nerves are the favorite sites of the
disease, cutaneous and gastrointestinal vasculitis have specific histopathological
characteristics, and until now, it has no development glomerulonephritis described.
Gastrointestinal tract involvement is common and is one of the predictors of
disease morbidity and mortality. There is cutaneous PAN without systemic involve-
ment, and it very rarely progresses to the systemic form of the disease. According
to the new classification, PAN is subdivided into idiopathic PAN and hepatitis
B-associated PAN [9].

Treatment of PAN is usually based on the combination of systemic corticoste-
roids and immunosuppressants. The most commonly used medications are cyclo-
phosphamide, azathioprine, methotrexate or mycophenolate mofetil [9].

The use of biological medications is reserved for cases of refractory PAN with-
out association with hepatitis B. The use of rituximab, an anti-CD20 monoclonal
antibody, has not been formally indicated for patients with PAN, but its use is
supported in patients with ANCA-associated vasculitis. There are case reports using
anti-TNF-alpha, such as etanercept and infliximab, and tocilizumab, but only in
refractory cases [8].

3.2.2 Kawasaki disease (DK)

It is a systemic vasculitis, common in male child, with fever, rash, non-
exudative bilateral conjunctivitis, oral and pharyngeal mucosal erythema, cervical
lymphadenopathy, and it can affect the extremity. They may have fewer common
symptoms such as pyuria, meningitis, shock and retropharyngeal or parapharyn-
geal abscess [10].

The etiology of Kawasaki disease is unknown. The diagnosis of Kawasaki disease
is based on the presence of fever for >5 days, along with the presence of at least 4 of
the 5 main clinical features [10] (Table 2).

Clinical features

1 Erythema and cracking of the lips, strawberry tongue and/or pharyngeal and oral mucosa
erythema

2 Bilateral bulbar conjunctival injection without exudate

3 Rash

4 Erythema and edema of the hands and feet in the acute phase and/or periungual scaling in the

subacute phase

5 Cervical lymphadenopathy (>1.5 cm in diameter), usually unilateral

Table 2.
Clinical features in Kawasaki disease [10].
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Patients who have met the diagnostic criteria are considered to have complete
Kawasaki disease (also referred to as typical or classic Kawasaki disease). Patients
who do not have enough major clinical findings can be diagnosed with incomplete
Kawasaki disease [10].

Intravenous immunoglobulin (IVIG) is the basis for treatment. Usually, it is
initiated before 10 days of fever and significantly reduces coronary artery aneu-
rysms (CAAs) that decrease from 25% to less than 5%. Around 10-30% of patients
are resistant to IVIG treatment [10].

Unfortunately, in some cases, IVIG is discontinued or administered at a reduced
dose due to cost. Evidence for therapies beyond IVIG is limited, with no evidence-
based recommendations for the management of patients with resistance to initial
IVIG treatment.

In the initial treatment, if the patient is in the acute phase treatment, aspirin
(30-50 to 80-100 mg/kg/day) and IVIG (2 g/kg) are recommended. The treat-
ment of patients with resistance (persistent or recurrent fever after the end of
IVIG after 24 hours) is to initiate IVIG 2 g/kg, associated to corticosteroids and/or
infliximab [10, 11].

The use of corticosteroids is controversial due to the cardiovascular risk in
prolonged use.

Anti-TNF-alpha is also recommended for patients with coronary artery
aneurysms, and in the minority of cases, it can be used in patients without
aneurysms. Other therapies possible are anti-interleukin 1, canakinumab and
cyclosporine [11].

3.3 Small vessel vasculitis (SVV)
3.3.1 Microscopic polyangiitis

Microscopic polyangiitis is an ANCA-associated vasculitis with significant
morbidity and mortality. Treatment follows the same protocol as granulomatosis
with polyangiitis [12].

3.3.2 Granulomatosis with polyangiitis (Wegeners)

It is another necrotizing systemic vasculitis that affects small and medium
vessels and is often associated with ANCA. It occurs in patients between 45 and
60 years old from both genders and is rarely observed in Negroids. The main fea-
tures are the involvement of the upper and lower respiratory tract and the kidneys.
Ears, nose and throat may develop with sinusitis and crusted rhinorrhea that are
usually severe. Pulmonary nodules and renal involvement with crescent glomerulo-
nephritis can be seen [13, 14].

It is a serious disease, and if left untreated, it almost always progresses to death.
With the advent of new therapies, 90% of patients evolve to remission and the survival
rate is 80% in 10 years. The first phase, known as the induction phase, aims to put the
patient into remission, and it lasts between 3 and 6 months according to the clinical
response. The second phase is known as the maintenance phase trying to consolidate
the first phase and prevent relapses. It lasts from 12-24 months [13] (Figure 2).

In induction, prednisone 1 mg/kg is recommended. For severe forms, methyl-
prednisolone pulse is indicated at doses of 7.5-15 mg/kg/day for 1-3 consecutive
days. After 3—-4 weeks of treatment, the corticosteroid dose is gradually decreased,
but without reaching doses of less than 15 mg/day until 4th month. The combina-
tion of two immunosuppressants in the induction phase is essential for severe or
refractory patients such as cyclophosphamide or rituximab.
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Figure 2.
Necrotic vascular purpura (black arrows) of the upper limbs in granulomatosis with polyangiitis-Wegener’s [13].

Cyclophosphamide is preferred if rapid renal failure occurs at a dose of
600 mg/m” (maximum 1.2 g/bolus) every 2 weeks for 1 month (day+1, day+15,
day+30) and then 700 mg/m” every 3 weeks until remission (average of 6-9 cycles
in total) The dose can be adjusted for age and renal function (500 mg/m? in the
presence of renal failure and 500 mg fixed dose every 3 weeks—maximum 6
bolus) [13, 14].

Rituximab is the choice for pregnant women or patients who have failed
cyclophosphamide or have relapsed. It is used at a dose of 375 mg/m” per week for
4 weeks. Plasmapheresis may be used in severe forms of the disease with severe
renal involvement (Cr > 500 pmol/L) or alveolar hemorrhage. Also, corticosteroid
therapy can be associated with immunosuppressants [13, 14].

For localized or not very severe cases, methotrexate (20-25 mg per week) is
an option. The AGATA study demonstrated efficacy of abatacept (1 mg/kg IV
on day+1, day+29 and then once per month) combined with prednisone and an
immunosuppressant (azathioprine, methotrexate or mycophenolate mofetil) for
recurrent and limited forms.

Maintenance lasts between 18 and 24 months after remission has been achieved.
Corticosteroids may be combined with azathioprine (2 mg/kg/day) or methotrexate
(20-25 mg/week) [13].

Treatment with sulfamethoxazole/trimethoprim (400/800 mg) is given to
prevent relapse from Preumocystis jivovecii infection. Patients should be vaccinated
following the regional schedule and is contraindicated live virus vaccines [13].
Staphylococcus aureus was the most identified pathogen in positive cultures, and it is
important to remember that it also deserves prevention [14].

3.3.3 Eosinophilic granulomatosis with polyangiitis (Churg-Strauss)
Eosinophilic granulomatosis polyangiitis (EGPA), also known as Churg-Strauss
disease, is characterized by patients with asthma, eosinophilia and necrotizing vas-

culitis with extravascular eosinophilic granulomas that affect small and large vessels.
It is a vasculitis associated with ANCA (neutrophilic cytoplasmic antibodies) and
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the rarest vasculitis within the group of ANCA-associated vasculitis, and that is why
there are no highly recommended treatments based on the literature [15].
Corticosteroids are usually used to induce remission of the disease as well as
immunosuppressants, for example cyclophosphamide in more severe cases. Long-
term maintenance of immunosuppressants is used to prevent disease recurrence,
but their long-term efficacy is discussed. Azathioprine has been recommended as
maintenance therapy. The efficacy of mepolizumab, an anti-IL5 monoclonal anti-
body, has been recommended for these patients alone or in combination with cor-
ticotherapy. Others monoclonal anti-IL5, reslizumab and benralizumab drugs are
still being studied. Studies suggest that rituximab may be effective in EGPA. Other
drugs such as IFN-« appear to be effective in remission induction and maintenance;
however, the safety profile restricts their use. Drugs such as anti-IgE (omalizumab)
are used to control asthma, but their effects are unknown in the treatment of vascu-
litis. High doses of immunoglobulin have also been used to induce disease remission
with good results. Intravenous immunoglobulin may be effective in treating residual

peripheral neuropathy [15].
3.4 Immune complex SVV
3.4.1 Cryoglobulinemic vasculitis

Cryoglobulins are cold precipitated immunoglobulins that can cause vasculitis
and vasculopathy. Type I cryoglobulins are responsible for 10-15% of symptom-
atic vasculitis cases and are related to malignant hematological disorders such as
myeloma, B-cell lymphoma or undetermined monoclonal gammopathy (MGUS).
Mixed cryoglobulins correspond to 80-85% of cases and are associated with infec-
tious diseases, especially chronic hepatitis C, B-cell malignancies and autoimmune
diseases such as Sjogren’s syndrome and lupus. Vasculitis is most associated with
mixed cryoglobulins. Women are affected more than men 2:1 [12].

In symptomatic patients with cryoglobulinemia type I, it is indicated to treat the
hematologic basis diseases. Lymphomas require a combination of chemotherapy
and myeloma treatment with drugs such as bortezomib, thalidomide, lenalido-
mide and other alkylating agents. Bone marrow transplantation can be performed
in patients with cryoglobulinemia-associated myeloma. MGUS can be treated
with the same myeloma drugs; however, rituximab has been the drug of choice.
Plasmapheresis may be used for patients with severe renal involvement or extensive
lower limb necrosis. Avoiding exposure to cold is essential [12].

Mixed cryoglobulins, usually hepatitis C-associated cryoglobulinemic vasculitis,
are well-treated as suppression of hepatitis C replication occurs. Studies reported
between 2011 and 2013 associated with pegylated interferon (PegIFN) and ribavirin
for 12 months achieved a 50-60% control response to hepatitis C. The introduction
of antiviral agents dramatically changed cryoglobulinemia-associated vasculitis.
They promote shorter treatment without the need for interferon and with responses
greater than 95% associated with few adverse effects. The drugs used are sofosbuvir,
simeprevir, ledipasvir and daclatasvir, that can be associated with ribavirin. In
some cases of more severe vasculitis, low doses of rituximab and other immunosup-
pressants may be used in selected cases. Rituximab targets B-cell populations that
produce cryoglobulins and treats severe vasculitis [12] (Figure 3).

3.4.2 Urticaria vasculitis

The term urticaria vasculitis is used for plaques of urticaria that present leuko-
cytoclasia on histopathological examination. It is a clinical pathological diagnosis,
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Figure 3.

Cllgm'ml manifestations of cryoglobulinemic vasculitis; (a) severe skin ulcer; (b) nerve biopsy specimen
showing vasculitis with a pevivascular inflammatory infiltrate; (c) distribution of the peripheral
neurological involvement indicating length dependency; (d) renal biopsy showing membranoproliferative
glomerulonephritis; (e) magnetic vesonance imaging of the brain showing vasculitis [12].

characterized by a skin inflammation of the dermis capillaries and postcapillary
venules, with a range of clinical signs from hives picture to a well-established vascu-
litis. Like any vasculitis, it can affect the skin and other organs, including skeletal,
pulmonary, renal, gastrointestinal, cardiac and ophthalmic systems. The disease is
spectral, ranging from mild to severe [16, 17].

Related etiological factors are infections, medications, autoimmune reactions,
malignancies or idiopathic reasons. It can be classified as normocomplementemic or
NUYV that presents normal levels of complement, usually not with systemic involve-
ment, and hypocomplementemic or HUV that has low complement levels and may
have systemic involvement [17].

The treatment of vasculitis urticaria is a challenge, and there are no guidelines
for the management of this disease. There are reports in the literature of the use of
hydroxychloroquine and colchicine, which are as effective as systemic corticoste-
roids [16, 18].

Immunosuppressive drugs are used such as azathioprine, mycophenolate mofetil
or cyclophosphamide. Rituximab with the usual doses also seems to have a good
response. To manage the symptoms, sedative and nonsedating antihistamines may
be used if urticaria is prominent. However, it is not usually effective. Nonsteroidal
anti-inflammatory drugs are very useful in these cases such as naproxen, indo-
methacin and ibuprofen [13, 16].

Another alternative therapy is to combine corticosteroids up to 1 mg/kg and
another immunosuppressant (methotrexate, mycophenolate mofetil, azathioprine,
cyclosporine and very rarely cyclophosphamide). Recent reports include rituximab,
anakinra, canakinumab and omalizumab as therapeutic arsenal [17].
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3.4.3 Immunoglobulin A vasculitis (Henoch-Schonlein purpura)

It is the most common small vessel vasculitis of childhood, with a predominance
of IgA deposits. Typically, it involves the skin, intestines and glomeruli and may be
associated with arthralgia and/or arthritis. In most patients, only supportive treat-
ment is required and analgesia [19, 20]. The disease regresses spontaneously most
often within 4 weeks, but in some cases, it may last for more than 6 weeks [19].

In these cases, the therapeutic options may be dapsone (on average 1-2 mg/kg) or
colchicine, but there are still no randomized controlled trials with the optimal dose
and duration of treatment [18, 21]. Some patients require treatment with systemic
corticosteroids, such as nephritis, orchitis, cerebral vasculitis, pulmonary hemor-
rhage and severe gastrointestinal involvement [19].

Other therapies used are the addition of cytotoxic immunosuppressants, intra-
venous immunoglobulins and plasmapheresis [20]. In case of severe rectal pain or
abdominal pain, the use of systemic corticosteroids is recommended [19, 20].

The recommended doses for prednisolone are 1-2 mg/kg/day for 1-2 weeks
followed by weaning. In severe cases, it is possible also to use methylprednisolone
pulses 10-30 mg/kg maximum 1 g/day for 3 consecutive days. Corticosteroid
prophylaxis to decrease the chance of developing nephritis is not indicated. There is
evidence showing that the use of angiotensin-converting enzyme inhibitors (ACE
inhibitors) may have beneficial effects in patients with proteinuria. In patients with
proteinuria longer than 3 months, regardless of whether they are receiving predni-
sone or another immunosuppressive drug, the use of ACE inhibitors or angiotensin
receptor blockers is recommended to prevent and/or limit secondary glomerular
injury. The first choice for mild nephritis treatment is prednisolone. If proteinuria
persists, azathioprine, mycophenolate mofetil, cyclosporine or other corticosteroid-
sparing treatment can be started. Also, IV methylprednisolone pulses can be
considered.

In the treatment for moderate nephritis, the first line is oral, or IV prednisolone,
or IV methylprednisolone. Azathioprine, mycophenolate mofetil IV or cyclosporine
may be used according to renal histopathological findings [19].

The treatment for severe nephritis however is high doses of corticosteroids and
IV cyclosporine to induce remission, and low doses of corticosteroids associated
with azathioprine or mycophenolate mofetil as maintenance treatment [19].

3.5 Variable vessel vasculitis
3.5.1 Behget’s syndrome

Behget’s syndrome has been known since ancient times and was described by
Hippocrates, but it was reported as a separate disease by Huluci Behget in 1937. It is
currently classified as a vasculitis belonging to the subgroup of variable vessel vas-
culitis. It was initially reported in countries bordering the silk route, but nowadays,
it is found all over the world. The most common manifestation is oral apotheosis
and is seen in over 90% of cases [22].

It is characterized by progressing multiple attacks and remissions. The duration
of remission may vary from one attack to another and from one system to another.
The attack, in most cases, is followed by a complete recovery called Restitutio ad
Integrum of the tissue. A good example is oral aphthosis, and it is exceptional to
see a scar. In case of oral aphthosis, it is uncommon to have a scar. In other organs
such as the eyes, central nervous system and vascular system, we usually observe
sequelae, which may even progress to death. In these cases, aggressive treatment is
mandatory [22].

144



Vasculitis and Vasculopathies
DOI: http://dx.doi.org/10.5772/intechopen.92778

Treatment will vary depending on systemic involvement. Mucocutaneous mani-
festations do not require aggressive treatment, only topical treatment. Arthritis
goes on with outbreaks and remissions, which can last from weeks to months, but
usually respond well to nonsteroidal anti-inflammatory drugs (NSAIDs). Usually,
the remission in these cases is long and the patient may discontinue the medication.
There is usually no progression to destruction and deformities [22, 23].

Treatment of the gastrointestinal tract depends on the severity. For other
manifestations, aggressive treatments are often required, starting with cytotoxic/
immunomodulatory drugs associated with corticotherapy. Eventually, biological
drugs are used such as apremilast [23].

When the patient suffers from eye involvement, infliximab or adalimumab
anti-TNF drugs may be considered as first- or second-line therapies, or in the exac-
erbation of pre-existing disease. The European League first recommends cortico-
steroid-associated azathioprine therapy in all patients with subsequent involvement
and the addition of cyclosporine or infliximab, or switching to interferon alfa with
or without corticosteroids in patients with severe involvement as more than two
drop lines in visual acuity on a 10/10 scale and/or retinal disease (retinal vasculitis
or macular involvement) [23]. Other biological drugs are being studied such as IL-1
and IL-6 blockers [8].

Intravitreal use of fluocinolone acetonide also has been suggested in refractory
cases. In these cases, the increased intraocular pressure and infections should
be monitored. With the higher cause of morbidity and mortality, it is vascular
involvement. It can affect arteries and veins of any caliber, and with various
presentations such as thrombosis, occlusions and aneurysms. Immunosuppressive
therapy is one of choices in these cases and there is no consensus regarding antico-
agulants [23].

A retrospective multicenter study demonstrated a decrease in relapse in immu-
nosuppressant versus untreated patients. Behget-associated Budd-Chiari syndrome
has a high mortality rate, and monthly cyclophosphamide pulses associated with
corticosteroid therapy are the treatment of choice. Anti-TNF-alpha was used in 5
patients with refractory disease. Two of these patients already had terminal liver
disease during infliximab administration and died due to liver failure. Two patients
were successfully treated with infliximab and the fifth patient was stable with
etanercept but had dural sinus thrombosis during follow-up [23].

3.6 Single-organ vasculitis
3.6.1 Cutaneous leukocytoclastic angiitis

Cutaneous leukocytoclastic angiitis is an inflammation of small vessels, charac-
terized by an inflammatory infiltrate associated with leukocytoclasia by neutrophil
fragmentation and fibrinoid necrosis in small vessel postcapillary venules. It is the
most common histological type of cutaneous vasculitis and usually is idiopathic,
although antibiotics are also linked [24]. It is often clinically manifested by a
palpable purpura, which is found anywhere on the body, but usually affects more
lower limbs and can cause arthralgia [24, 25].

Several symptomatic treatments may be proposed to patients: analgesics,
nonsteroidal anti-inflammatory drugs and antihistamines. For chronic or persistent
vasculitis, dapsone and/or colchicine may be effective. The use of colchicine in
the treatment is beneficial through its effect on reducing neutrophil chemotaxis,
blocking leukocyte adhesion and stabilizing lysosomal membranes. Colchicine at
a dose of 0.6-1.8 mg/day induces resolution within 1-2 weeks, according to several
authors [18].
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The best indication for colchicine is in moderate severity vasculitis. It is an
effective and inexpensive treatment that can be used alone or in combination.
However, its prescription is sometimes limited because of its gastrointestinal side
effects [18].

In cases of severe skin necrosis and/or systemic manifestations, systemic cor-
ticotherapy (prednisolone or prednisone 20-60 mg/d) with progressive weaning
may control the situation in some cases. For patients with systemic manifestations,
initial therapy should include high doses of corticosteroids and/or cyclophospha-
mide. Intravenous immunoglobulins may be useful in the treatment of severe and
refractory disease in patients who have a contraindication to traditional immuno-
suppressive therapy [26].

Other drug-associated vasculitis, autoimmune diseases or even infectious
diseases require treatment of the underlying disease. In some cases, systemic
corticosteroid therapy is necessary, and corticosteroid-sparing immunosuppressive
drugs and even intravenous immunoglobulin may be required [26].

4. Cutaneous vasculopathies

Vasculopathies are diseases that present a hyperactivity of blood vessels in the
skin with systemic repercussions, but of unknown etiology. They are usually clas-
sified as diseases with circulatory disorders such as acrocyanosis, livedo reticularis,
Raynaud’s phenomenon, erythromelalgia, vessel occlusion leading to necrosis such
as atherosclerosis obliterans, Buerger’s disease, lymphocyte-mediated inflammatory
changes such as livedoid vasculitis, malignant atrophic papulosis and neutrophil-
mediated inflammatory changes such as pyoderma gangrenosum. Below, the most
common representatives will be discussed [27].

4.1 Antiphospholipid antibodies syndrome (APS)

Antiphospholipid antibodies syndrome or Hughes syndrome is a systemic, auto-
immune disease in which there are repeat thrombotic events, repeated fetal losses
and positive autoantibodies such as anticardiolipin and lupus anticoagulant. As
skin manifestations, ulcerations and livedo reticularis are the most common signs
[27, 28]. Some authors relate Sneddon’s syndrome, which is a disease with strokes
and livedo reticularis, as a spectrum of APS [29]. Libman-Sacks endocarditis in sys-
temic lupus erythematosus patients also has an accumulation of antiphospholipid
antibodies in the subendothelial layer of the heart valves. However, the correlation
with APS is not well established [30].

For patients with a diagnosis of APS, treatment as well as prophylaxis is
required. However, there are patients who have met the diagnostic criteria but with
no thrombotic events. In these patients, behavioral changes such as smoking and
alcohol cessation, lipid control, diabetes management and nonuse of exogenous
estrogens are the most important measures [27].

Avoiding prolonged immobilizations and other behaviors that predispose to
thrombotic events is also recommended. Some authors advocate the use of aspirin
without scientific consensus [28].

Primary prophylaxis with low-dose aspirin prophylaxis is usually prescribed to
prevent thrombosis in women with recurrent miscarriages, but it does not prevent
deep vein thrombosis in men with APS. In systemic lupus and secondary APS,
hydroxychloroquine has been proven to have a protective effect against thrombosis,
as well as a reduction in cholesterol and glycemia. Patients who undergo surgery and
require prolonged immobilization require prophylactic heparinization, and in APS,
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sometimes doses should be higher than usual due to resistance to anticoagulant
effects. For treatment, as initial therapy, unfractionated heparin or low molecular
weight heparin is used. Warfarin may also be used [28].

Because patients with APS and thrombosis are at high risk for recurrent throm-
boembolism episodes, prolonged oral anticoagulant therapy is the best option for
attempting to prevent further episodes. The most used oral anticoagulant is warfa-
rin with a therapeutic goal of maintaining INR greater than or equal to 3 [31].

In cases of APS secondary to the underlying systemic disease, it should not
open the treatment with systemic oral corticoid. Other agents that can be used are
plasmapheresis, immunoglobulin and dapsone, among others [27].

In refractory and catastrophic cases that there is multiple organ infarction, anti-
coagulation combinations, steroids, plasmapheresis, intravenous immunoglobulin
and fish oil derivatives can be used. Fibrinolytic agents have no proven benefit [28].

In case of pregnancy, the best alternative during this period is heparin associated
with low doses of aspirin. Combined treatment is more effective to prevent miscar-
riages than just aspirin alone. Unfractionated heparin, low molecular weight heparin
(enoxaparin 40 mg/day) and dalteparin 5000 Ul/day can be used during this period.
Warfarin should not be used in pregnant women. Accidental discovery of antiphospho-
lipid antibodies during pregnancy, with no clinical history of problems such as throm-
boembolic events or systemic lupus erythematosus, does not require treatment [28].

4.2 Blue finger syndrome

It is a sudden cutaneous manifestation in which the fingers, especially the
toe, develop cyanotic and painful character. The priority etiology is embolic, but
there may be other causes such as rheumatologic and neoplastic, among others.
Treatment for this condition depends on the treatment of the underlying disease.
However, general and local care such as limb warm-up, physical protection, treat-
ment of secondary infections are essential [32].

4.3 Acrocyanosis

Acrocyanosis is a disease resulting from chronic vasospasm that causes reflex
vasodilation in the affected extremities, usually by medication or central nervous
system disorders. It may be painful, cold, discolored, hyperhidrosis, paresthesia and
even tingling. Like for blue finger syndrome, treatment is only supportive [27].

4.4 Erythromelalgia

Erythromelalgia is characterized by vasodilation of the extremities, especially
in male children, and is usually associated with limb warm-up, pain and burning.
Itis believed that there is some change in calcium channels, so therapy is directed
toward this focus.

In the case of primary erythromelalgia, anesthetics, antiarrhythmics, anticon-
vulsants and even oral magnesium may be used. In the case of secondary erythro-
melalgia, besides the treatment already discussed, the underlying disease needs to
be controlled [27].

Its treatment includes topical drugs like 5% lidocaine and 0.075% capsaicin.

For oral medications, we have amitriptyline 10 mg/day, gabapentin 900-1800 mg/
day, pregabalin 75 mg/day, flecainide 200 mg/day and buflomedil 200-330 mg/day.
Tricyclic antidepressants, selective serotonin reuptake inhibitors and, in selected
cases, acetylsalicylic acid, beta blockers and calcium channel antagonists may be
excellent associations. In refractory cases, we may use epidural infusions of opioids,
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bupivacaine and, in the latter case, sympathectomy. However, responses are quite
variable and complete remission of symptoms is rarely observed [27, 33].

4.5 Livedo reticularis

Reticular livedo is a common dermatological manifestation in which the limb in
question suffers a vasospasm and has a cyanotic, erythematous and erythematous-
violet coloration. When the blood plot does not have a confluent pattern, it is called
aracemose livedo. In clinical practice, it may be isolated by cold or trauma or may
be associated with some systemic diseases such as lupus erythematosus, sclero-
derma and HIV. Although it is more common in the limbs, it can also affect the
trunk and there may be ulcerations. Cold stimulates vasospasm, when the cause is
removed, however, over time, vessels may become permanently dilated and become
permanently telangiectatic [27, 34].

The treatment of livedo, primarily, is protection against the cold. Vasodilators
may be an alternative and corticosteroids should be avoided as much as possible.

If there are ulcerations or a racemose livedo associated with antiphospholipid
antibody syndrome, anticoagulation is recommended. When livedo is associated
with some underlying disease, the management of the disease usually improves its
manifestation. Other medications may be tried such as danazol, tissue plasminogen
activator (tPA), pentoxifylline and antiplatelets. Immunosuppressants such as
azathioprine and sympathectomy are reserved for refractory cases [27, 34, 35].

4.6 Raynaud’s phenomenon

It is a paroxysmal vasospastic disorder characterized by the simultaneous alter-
nation of pallor (vasoconstriction), cyanosis (blood stasis) and redness (compensa-
tory vasodilation).

We consider Raynaud’s disease (20% of the cases) when it occurs primarily and
not associated with other acne. And we consider Raynaud’s phenomenon (80%)
when it occurs secondary to another disease [27].

Treatment consists of treating the basic disease and quitting smoking.
Protection against the cold is necessary to avoid triggering the frame. In idiopathic
forms, the use of nifedipine 30-120 mg/day can be used. Other treatment modali-
ties may also be employed such as topical nitroglycerin, iloprost, losartan, serotonin
receptor inhibitors, phosphodiesterase inhibitors, n-acetylcysteine, botulinum
toxin, bosentan, platelet inhibitors and fibrinolytics. In refractory cases, sympa-
thectomy may be performed [27].

4.7 Erythema pernio or perniosis

Perniosis is a rare panniculitis that develops with painful erythematous-
violaceous nodules in young people more susceptible to cold. There is also a certain
uncertain relationship with tobacco. Treatment, like other cold-related conditions,
requires protection from the cold such as appropriate clothing, gloves, socks, boots
and smoking cessation. Behavior changes and topical corticoid creams can help to
heal the lesions. Some vasodilators may also be applied as nicotinic acid, nifedipine
and pentoxifylline. In refractory cases, sympathectomy and UVB phototherapy may
also be considered [36].

4.8 Livedoid vasculitis or Millian’s white atrophy

Livedoid vasculitis is one of the most common vasculopathies, described in 1929,
and can affect up to about 5% of the healthy population, reaching 70% in patients
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with venous ulcers. Some authors differentiate livedoid vasculitis from Millian’s
white atrophy in relation to etiology. Livedoid vasculitis is persistent livedoid
reticularis associated with an ulcer [37]. White atrophy is a white atrophy scar with
a stellar pattern most common in the lower limbs of women aged 30-60 years that
may or may not be associated with collagenases and neoplasia; however, the best-
established link is with chronic venous insufficiency [35].

The treatment for this disease is divided into some of the following groups:

* Vasodilators such as nifedipine [27, 35].

* Drugs stimulating endogenous fibrinolytic activity such as danazol, the
activating factor of recombinant tissue plasminogen, rt-PA, low dose alteplase,
associated or not with heparin and aspirin [27, 35].

* Drugs such as dipyridamole, cilostazol, the thienopyridine group (clopidogrel,
ticlopidine hydrochloride, whether associated with aspirin) and sarpogrelate.

* Hemorheological drugs that decrease blood viscosity, increase red blood cell
flexibility and improve circulation. From this group, the example is pentoxifyl-
line and buflomedil hydrochloride [27, 35].

* Modulating lymphocyte response therapy as systemic PUVA phototherapy [27].

¢ Other drugs such oral corticosteroids, intravenous immunoglobulin, cyclospo-
rine, hyperbaric oxygen therapy and intravenous iloprost [27].

For patients with any associated thrombophilia, warfarin, unfractionated
heparin, low molecular weight heparin and even heparin minidoses may also be
used [27].

4.9 Atherosclerosis obliterans

It is a chronic disease associated with diabetes that gradually occludes the vessel
light. It affects the feet more than the hands in patients over 50 years. There is
no specific treatment, but oral corticosteroids may be employed associated with
diabetes with strict disease control. Behavioral change with diabetes mellitus
improvement and antibiotic therapy, if secondary injuries, is the therapy of choice.
Vasodilators do not have their proven efficiency. In severe cases, sympathectomy
and vascular surgery may be used [38].

4.10 Thromboangiitis obliterans (Buerger’s disease)

The priority treatment is smoking cessation and rest. lloprost IV may be an alterna-
tive to retard evolution. In many cases, amputation is required, with excision of the
gangrenous fingers, sympathectomy and surgeries such as arterialization of the venous
arch of the foot. The vascular surgeon is extremely important for follow-up [27, 39].

4.11 Malignant atrophic papulosis (Kéhlmeier-Degos disease)

Malignant atrophic papulosis (MAP) is an obliterating endovasculitis of small-
and medium-sized arteries that produces tissue infarction as its main feature. It
is considered an uncommon disease of unknown cause and can affect the skin,
gastrointestinal tract and central nervous system, and the involvement of these last
two systems can be fatal [40].
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There is no fully effective treatment for the disease. Some authors use acetyl-
salicylic acid (300 mg daily) and/or dipyridamole (75 mg twice daily) as the first
therapeutic modality, which facilitates blood perfusion. Other therapeutic options
such as aspirin, heparin and warfarin can be used, however, aspirin is more associ-
ated with resurgence of lesions when discontinuing the drug [41].

More recently, studies have been conducted using eculizumab that have
shown initial efficacy in skin and intestinal lesions, but the drug has not been
able to prevent the development or progression of systemic manifestations.
Subcutaneous treprostinil has been successfully tested in some cases with dra-
matic and sustained improvement in clinical status, although the response was
not immediate. The mechanism of action of treprostinil in this scenario is not yet
well understood [42, 43].

The use of corticosteroids, chloroquine or other immunosuppressants has
proved unsatisfactory and has great potential to worsen the disease by unknown
mechanism; therefore, they are not indicated [43].

4.12 Superficial thrombophlebitis

These are vascular inflammations with thrombus formation and consequent
occlusion or may occur due to slow flow within a varicose vein. If thrombophlebitis
is found in apparently normal superficial veins, attention should be paid to the pos-
sibility of underlying malignancy, thrombosing coagulopathy and silent deep vein
thrombosis [44].

For therapeutic management, in cases of limited superficial thrombophlebitis
below the knee, without evidence of deep vein thrombosis, compression by specific
stockings and the use of nonsteroidal anti-inflammatory drugs are enough, provid-
ing symptomatic relief. However, if there is deep venous thrombosis or extension to
the saphenofemoral or saphenopopliteal junctions, prophylactic use of low molecu-
lar weight heparin may be necessary [44].

5. Conclusion

Vasculitis and vasculopathies are a challenge physicians face on a daily basis.
Due to rarity of the diseases all over the globe, the scientific community is not able
to perform studies with a great number of patients and biological medications
seem to be the promise to a cure or the disease control. These groups of drugs are
relatively new and still expensive in most countries. Furthermore, more studies
need to be developed and long follow-ups should be performed before they are
considered gold-standard treatment. In the medical reality nowadays, despite any
consideration, an early diagnosis can change the whole disease course and prevent
inabilities, and even without cure, it is indispensable to control symptoms and
provide a better quality of life to patients.
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Treatment of Vasculitis: Beyond
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Muhammad Ishaq Ghauri and Muhammad Shariqg Mukarram

Abstract

Vasculitis is the inflammation of blood vessels in the human body. It causes
changes and remodeling in the walls of the vessels that include thickening, narrowing
and scarring. As a result, the blood flow to the organs and tissues gets restricted
leading to organ damage. The cause of primary vasculitis is not known; however,
most cases are thought to be autoimmune. In the present era, it is getting difficult
to treat vasculitis with conventional therapies, which includes cyclophosphamide,
methotrexate, azathioprine and mycophenolate mofetil, with increasing rates of
relapses. Since ever, corticosteroids and cytotoxic agents or immunosuppressants
have been the mainstay for treating systemic vasculitis. However, the introduction
of newer biological agents have bring about a revolution in the treatment of relapses
and in cases where there is failure to induce and sustain remission.

Keywords: vasculitis, granulomatosis with polyangiitis, ANCA-associated vasculitis,
giant cell arteritis, Takayasu arteritis, microscopic polyangiitis, eosinophilic
granulomatosis with polyangiitis, anti-TNF alpha, monoclonal antibody, rheumatoid
arthritis

1. Introduction

Vasculitis is a group of heterogeneous disorders that are characterized by inflam-
mation, also sometimes necrosis of blood vessels that includes the veins, arteries
and capillaries. Several different forms have been identified. The pathophysiology
of vasculitis mainly involves the immune system of the body. In large vessel disease,
particularly giant cell arteritis, it isa T cell-driven process activating the CD4 T cells
which in turn promote the recruitment of macrophages and monocytes to the vessel
wall causing vascular injury. This leads to release of various inflammatory mark-
ers and cytokines for example, Interleukin 1 and Interleukin 6, causing systemic
inflammation [1]. Antineutrophil cytoplasmic antibody (ANCA)-associated vas-
culitis involves the activation of neutrophils that release inflammatory cytokines.
They also induce formation of neutrophil extracellular traps that are necessary
constituent of innate immunity. These neutrophil traps are injurious to small vessels
that not only cause vascular injury but also produce antineutrophil cytoplasmic
antibody, therefore producing a vicious cycle [2].

The aim of this chapter is to highlight the rising number of therapeutic options
available to treat systemic vasculitis. Use of biologics has shown promising results,
especially Rituximab and Infliximab while others remain in the pipeline. The recent
emergence of these agents, that selectively targets the components of immune sys-
tem, have brought an insurgence in treatment of systemic vasculitis. In this chapter
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we discuss the treatment of vasculitis beyond the prototype drugs (cyclophospha-
mide, azathioprine, mycophenolate mofetil, etc.), with biological agents.

2. Classification

American College of Rheumatology (ACR) presented the classification criteria
for vasculitis in 1990 (Table 1). According to this criteria vasculitis was classified
into primary and secondary types. Both these types were dependent on the size
of vessel involved. Vasculitis affecting the large arteries include giant cell arteritis
(GCA) and Takayasu arteritis. Medium vessel vasculitis includes polyarteritis
nodosa (PAN) and Kawasaki disease, while small vessel vasculitis contains granu-
lomatosis with polyangiitis (GPA) formerly known as Wegener’s granulomatosis
(WG), Churg-Strauss syndrome now known as eosinophilic granulomatosis with
polyangiitis (EGPS), microscopic polyangiitis (MPA), Henoch Schonlein purpura
and cryoglobulinemia. Secondary vasculitides encompass vasculitis secondary to
rheumatoid arthritis and various infections (bacterial, viral and fungal) [3].

Infections affecting large arteries commonly include Staphylococcus, Salmonella,
Streptococcus, coccidioidomycosis and treponema pallidum. Hepatitis B and C
virus along with human immunodeficiency virus and Parvovirus B19 commonly
affects medium sized vessels. Possible mechanism for infection related vasculitis
includes (a) direct microbial invasion and (b) immune-mediated process either by
humoral or cellular responses. Hepatitis B virus has firmly been seen with polyar-
teritis nodosa for more than 30 years. In France, the declining rate of hepatitis B
infection has correlated with falling levels of hepatitis B-associated polyarteritis
nodosa. There is a strong association between hepatitis C virus and mixed essential
cryoglobulinemia. Vasculitis has been identified as a rare manifestation of human
immunodeficiency virus. Multiple patterns have been described including polyar-
teritis nodosa, hypersensitivity vasculitis and large vessel disease [3].

Course of rheumatoid arthritis can be complicated by medium to small vessel
vasculitis. This is common in men and linked with positive RA factor. It may present
in a variety of ways including distal arteritis, splinter hemorrhages, peripheral
neuropathy with mononeuritis multiplex and aortitis [4].

In year 2012 the International Chapel Hill Consensus conference adopted names
for vasculitis on nomenclature of vasculitides as shown in Table 2. This classified
vasculitis not only according to the size of vessel involved (as in ACR criteria) but
also included a few other subtypes mainly, variable vessel vasculitis, single organ
vasculitis, vasculitis associated with systemic diseases and vasculitis associated with

probable etiology [5].

Dominant vessel Primary Secondary

Large arteries Giant cell arteritis Aortitis associated with
Takayasu arteritis rheumatoid arthritis, infections

Medium arteries Classic polyarteritis nodosa Hepatitis B-associated,
Kawasaki disease polyarteritis nodosa

Small vessels and Granulomatosis with polyangiitis, Churg- Vasculitis secondary to

medium arteries Strauss syndrome, microscopic polyangiitis rheumatoid arthritis, drugs

Small vessels Henoch-Schonlein purpura Drugs, hepatitis C associated,
Cryoglobulinemia infections

Table 1.

ACR classification of vasculitis [3].
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Large vessel vasculitis

Takayasus arteritis

Giant cell arteritis

Medium vessel vasculitis

Polyarteritis nodosa

Kawasaki disease

Small vessel vasculitis

Anti-neutrophil cytoplasmic antibody-associated vasculitis

Microscopic polyangiitis

Granulomatosis with polyangiitis

Eosinophilic granulomatosis with polyangiitis

Immune complex small vessel vasculitis

Cryoglobulinemic vasculitis

IgA vasculitis (Henoch Schonlein purpura)

Variable vessel vasculitis

Behcet’s disease

Vasculitis associated with systemic disease

Lupus vasculitis

Rheumatoid vasculitis

Sarcoid vasculitis

Vasculitis associated with probable etiology

Hepatitis C-associated cryoglobulinemic vasculitis

Hepatitis B-associated vasculitis

Drug-associated immune complex vasculitis

Drug-associated ANCA-associated vasculitis

Table 2.
Modern Chapel Hill classification [5].

A wide range of drugs have been reported to cause a vasculitic reaction.
ANCA-associated vasculitis has been attributed to use of various drugs including
Hydralazine, Propylthiouracil, Allopurinol and Sulfasalazine. Leukotriene recep-
tor antagonist, Montelukast and Zafirlukast, have been linked to Churg-Strauss
syndrome. Acute vasculitis may be the presenting feature of an undiagnosed
malignancy. Common malignancies associated with vasculitis are myelodysplasia,
lymphoma and multiple myeloma [3].

3. Treatment with biological agents
3.1 Rituximab

It is a monoclonal antibody, which is directed against CD20 that is expressed
on developing B cell. Although not clearly understood, this antibody can induce

apoptosis of these developing B cells. In April 2011, Rituximab was the first agent to
be approved by FDA for the treatment of vasculitis [6].
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In the Rituximab in ANCA-associated vasculitis (RAVE) trial, patients with
GPA and MPA who were being given steroid therapy were randomized and received
either oral cyclophosphamide or I/V Rituximab (four infusions). Patients who were
given cyclophosphamide were switched to azathioprine after going into remission
while those with Rituximab were switched to oral placebo. At the end of 6 months,
Rituximab was found to be non-inferior to cyclophosphamide at inducing remis-
sion and was found to be superior to cyclophosphamide for patients with relapsing
disease [6].

Another study showed single course of Rituximab to be non-inferior to
oral cyclophosphamide, which was followed by azathioprine for remission
maintenance [7].

In the Rituximab versus cyclophosphamide in ANCA-associated vasculitis
(RITUXVAS) trial, where 44 patients were diagnosed with ANCA-associated
vasculitis, patients were randomized to receive Rituximab along with only two infu-
sions of cyclophosphamide. This was compared with patients who were given I/V
cyclophosphamide for 3-6 months followed by azathioprine. The rate of sustained
remission was similar in both groups [8].

These studies indicate that Rituximab is comparable in efficacy to cyclophos-
phamide for remission induction. Moreover, Maintenance of remission under
Rituximab in systemic ANCA-associated vasculitis (MAINRITSAN) trial 115
patients with either GPA or MPA were given either azathioprine or Rituximab in a
dose of 500 mg IV x 2 doses (after achieving remission with cyclophosphamide).
At the end of the study, major relapse rate was significantly lower in patients who
received Rituximab [9].

Rituximab has also shown remarkable results in patients with EGPA whose dis-
ease was refractory to usual treatments (e.g. cyclophosphamide). One of the largest
case series showed nine patients with EGPA refractory to conventional therapy,
when treated with Rituximab were either in total or partial remission at the end of
3 months [10].

The safety and efficacy of Rituximab has been evaluated by Puechal et al. in
patients with active systemic rheumatoid vasculitis (SRV). Out of 17 patients with
active SRV who were treated with Rituximab, 12 patients achieved complete remis-
sion of their disease at the end of 6 months. The Birmingham Vasculitis Activity
Score (BVAS) for rheumatoid arthritis dropped down from a baseline of 9.6 to 0.6
and the daily average dose of Prednisolone declined from 19.2 to 9.7 mg. Aftera
year, 14 patients were in sustained remission [11].

Rituximab works by acting over B cells, clearing them from the body. It is the
most extensively studied agent that has proved to be efficacious in most forms of
vasculitis, especially ANCA-associated vasculitis. It is now the preferred choice over
cyclophosphamide in order to reduce the adverse effect profile. Also, Rituximab
is considered a suitable therapeutic option for inducing remission in patients with
active vasculitis associated with rheumatoid arthritis.

Table 3 summarizes the clinical outcomes of different trials carried out using
Rituximab as treatment for systemic vasculitis.

3.2 Infliximab

This is an IgG1, kappa monoclonal antibody specific for human tumor necro-
sis factor alpha. TNF alpha possesses multiple pro inflammatory properties for
example, induction of Interleukin 1 and Interleukin 6, neutrophil activation etc.
According to recent research, Infliximab is in phase 3 clinical development for treat-
ment of Kawasaki disease [12].
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Study Agent Disease Outcome

RAVE trial Rituximab GPA and MPA Rituximab was found to be non-inferior to
cyclophosphamide at inducing remission and
superior to cyclophosphamide for patients with
relapsing disease

RITUXVAS trial Rituximab ANCA- Rate of sustained remission were similar in
associated patients taking Rituximab vs. those given
vasculitis cyclophosphamide alone

MAINRTSAN Rituximab GPA/MPA Significantly reduced the relapse rate

trial

Table 3.

Rituximab trials [6, 8, 9].

One clinical trial studied the role of Infliximab in granulomatosis with poly-
angiitis exclusively. These patients were followed even after the discontinuation
of Infliximab to monitor the remission maintenance. The reduction of their
Birmingham Vasculitis Activity Score was significant. Surprisingly no severe
adverse effects, deaths or infections were noted [13].

Use of TNF alpha inhibitors is not encouraged in giant cell arteritis. In a random-
ized controlled trial, some newly diagnosed patients with giant cell arteritis were
given Infliximab along with corticosteroids (before tapering them). No significant
difference was observed in patients who were successfully tapered off corticosteroids.
Moreover, few subjects had a higher infection rate with the use of Infliximab [14].

Use of Infliximab has shown great effectiveness in refractory Kawasaki disease
[15]. Single-dose Infliximab (5 mg/kg) was given to seven patients who failed to
achieve remission with the standard therapy. These patients showed improvement
without any adverse effects [16]. In another study, good response was seen in two
patients with Kawasaki disease when treated with Infliximab who had a relapse
with the conventional therapy [17].

This anti-TNF (tumor necrosis factor) agent has shown promising results in
Wegener’s granulomatosis in reducing the disease as well as inducing remission. Use
of Infliximab is encouraged in medium vessel vasculitis. Patients with Kawasaki
disease, who failed to respond to conventional therapy and those who experienced
arelapse, reacted well to this agent. Unfortunately its use in giant cell arteritis
is not promoted as suggested by a clinical study (as discussed above) in which
patients with giant cell arteritis were treated with Infliximab showed no significant
response, instead resulted in a higher rate of infection.

Table 4 summarizes the clinical outcomes of different studies and trials showing
effectiveness of Infliximab in different types of vasculitis.

Study Agent Disease Outcome

Lamprecht et al. Infliximab WG Decrease in BVAS. No deaths, infections or
adverse effects

Randomized trial Infliximab GCA No significant difference. Increased rate of
infection

Burnsetal. Infliximab KD Improvement in patients who failed to achieve

remission by standard therapy/refractory disease

Table 4.
Infliximab trials [13-15].
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3.3 Etanercept

This is one of the most rigorously studied agent, which is also a tumor necrosis
factor inhibitor. Its role has been studied in GPA and MPA for maintenance of
remission. In WGET, 174 patients received methotrexate or cyclophosphamide
for their remission and were then randomized to get Etanercept or placebo.
Unfortunately, there was no significant difference in rate of sustained remission
between Etanercept and placebo [18].

Etanercept (25 mg twice weekly) was given to 20 patients with Wegener’s granu-

lomatosis over a period of 6 months, in twice-daily dose. Out of these patients,
70% had never had remission of their disease. This drug was combined with either
cyclophosphamide or methotrexate. During the treatment, 80% patients went into
disease remission and their Birmingham Vasculitis Activity Score fell significantly.
However, three patients experienced major flare despite the therapy [19, 20].

The major drawback is the increased incidence of cancer in patients treated
with Etanercept. Six of 92 patients developed a solid tumor. These tumors included
mucinous adenocarcinoma of colon, metastatic cholangiocarcinoma, renal cell
carcinoma and breast carcinoma [21].

Wegener’s granulomatosis itself is also associated with increased risk of malig-
nancy. The specific malignancies associated with it are bladder carcinoma, squa-
mous cell carcinoma, leukemia and lymphomas [22].

Use of these two agents (Infliximab and Etanercept) have shown promising results
in Takayasu arteritis as demonstrated by a case series in which 15 patients with treat-
ment resistant disease were treated with either of the drug. After introduction of these
agents, the average dose of corticosteroid dropped from 20 mg (range 12.5-40 mg) to
0 mg (range 0-20 mg). Among these 15 patients 93% showed remarkable improve-
ment and 67% experienced steroid free remission for up to 3 years [23].

Etanercept is one of the most widely studied agents, which is also an anti-TNF
drug, and has been seen to be beneficial not only in ANCA-associated vasculitis but
also in large vessel vasculitis (Takayasu arteritis). The biggest disadvantage of this
medication is the higher incidence of different types of cancers.

Table 5 summarizes two trials showing clinical outcomes of Etanercept in patients
with Wegener’s granulomatosis also known as granulomatosis with polyangiitis.

3.4 Belimumab

This is a human IgG1 gamma monoclonal antibody specific for soluble human B
lymphocyte stimulator protein, also known as B cell-activating factor. Surprisingly,
this is the only drug in late stage development for microscopic polyangiitis [12].

Currently this agent is in Phase 3 trial. Its efficacy and safety are being tested in
arandomized, double blind study in combination with azathioprine. The dose given
to patients is 10 mg/kg at days 0, 14, and 28 then after every 28 days till the study
ends (clinical trials) [24].

Study Agent Disease Outcome

WGET trial Etanercept WG No significant difference in rate of sustained remission
between Etanercept and placebo

Lugmani et al. Etanercept WG 80% patients went into disease remission and their BVAS
and Stone et al. fell significantly. Three patients developed major flare
Table 5.

Etanercept trials [18—20].
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Belimumab is a relatively newer agent that is currently under trial but has shown
positive results in treatment of microscopic polyangiitis.

3.5 Mepolizumab

Mepolizumab is an Interleukin 5 humanized monoclonal antibody that binds
to free Interleukin 5. It causes arrest of bone marrow eosinophil maturation. This
monoclonal antibody is directed against Interleukin 5, which is a cytokine critical
for activation of eosinophils. Mepolizumab when administered in a dose of 300 mg
subcutaneously every 4 weeks, proved to be effective in prolonging disease remis-
sion, reducing the use of steroid [25].

Use of this agent has shown prompt normalization of peripheral eosinophil
counts, as well as reduction in glucocorticoid usage. Two studies that showed use of
Mepolizumab in EGPA, it led to decreased disease activity, normalization of eosino-
phil count and reduction of steroid use. However, cessation of this drug resulted in
disease flare [26, 27].

Mepolizumab works by halting activation of eosinophils, acting directly on
them. This biological agent is recommended in treating Churg-Strauss syndrome,
although it is still under various trials. The major drawback is the disease flare
caused after discontinuing the medication.

3.6 Tocilizumab

Tocilizumab is a humanized monoclonal antibody that binds to membrane-
bound and soluble Interleukin 6 receptors and inhibits Interleukin 6 signaling
pathways [28].

A study assessed eight patients who had refractory Takayasu arteritis. Two cases
were refractory to Infliximab and three did not reach remission on steroids and
methotrexate. Altogether eight patients received Tocilizumab and were followed
for 18 months. Of these eight patients, seven achieved remission. This shows that
Tocilizumab can be a potential therapy for patients with Takayasu arteritis refrac-
tory to anti-TNF alpha therapy [29].

A retrospective study assessed the effectiveness of Tocilizumab in complicated
large vessel vasculitis. Patients were treated with Tocilizumab out of which eight
had giant cell arteritis, two had large vessel vasculitis associated with rheuma-
toid arthritis and one had Takayasu arteritis. These patients were followed for
23 months. At the end of duration, seven patients were in remission, one patient
relapsed after discontinuing the drug, and one patient suffered from serious
infective complication. Two patients died, although cause of death was not
attributable to the use of Tocilizumab. Three relapses occurred but remission was
regained by switching the usual subcutaneous administration of Tocilizumab to
intravenous [30].

Glucocorticoids are the conventional treatment for giant cell arteritis but adverse
effects are common, so are the relapses, soon after tapering the steroids. Although
the exact cause of death is not known, cytokines such as tumor necrosis factor alpha
and Interleukin 6 have been implicated. A retrospective study included 134 patients
from 40 different centers who were diagnosed with giant cell arteritis either by tem-
poral artery biopsy or imaging techniques. All these patients had received high dose
of steroids in past and majority of patients had been given biologic immunosup-
pressives such as Abatacept, Infliximab or Rituximab. Tocilizumab was given either
intravenously (8 mg/kg 4 weeks apart) or subcutaneously (162 mg/week). At the
end of 1 month the ESR and CRP had fallen and percentage of patients with anemia
had decreased. Those who were followed for 2 years, amongst them 39 were seen
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Study Agent Disease Outcome

Mejla et al. Tocilizumab TA Seven out of eight cases refractory to
either Infliximab or methotrexate achieved
remission

Toc in large vessel Tocilizumab GCA,RA After follow up of 23 months, seven were
vasculitis (Marc vasculitis, TA in remission, one relapse after stopping the
Schmalzing) drug, three relapses but regained remission
IL-6 blocker exceeds Tocilizumab GCA Patients who were on follow up till 2 years,
(Nancy Walsh) out of them 39 were seen in remission. These

patients had already taken biologics including
Abatacept, Infliximab and Rituximab

Table 6.
Tocilizumab trials [29-31].

Agent Mechanism of action Dosage

Rituximab Monoclonal antibody directed against CD20 500 mg intravenous
Infliximab Anti-TNF alpha 5 mg/kg intravenous
Etanercept Anti-TNF alpha 25 mg intravenous
Belimumab Monoclonal antibody that inhibits B cell 10 mg/kg intravenous

activating factor

Mepolizumab Monoclonal antibody directed against 300 mg subcutaneous
Interleukin 5

Tocilizumab Monoclonal antibody directed against 8 mg/kg intravenous 162 mg
Interleukin 6 subcutaneous

Table 7.
Commonly used biological agents in the treatment of systemic vasculitis.

in remission with acute phase reactants within normal limits and minimum steroid
dose (0-5 mg/day). However, after an average follow up of 12 months, 32 patients
reported an adverse infection because of which 17 patients had to discontinue the
therapy [31].

Tocilizumab works against the pro-inflammatory cytokine Interleukin 6 and
has proven its efficacy in Takayasu arteritis that has failed to respond to Infliximab.
Giant cell arteritis, non responsive to various other biological agents, has reacted
remarkably to Tocilizumab by achieving disease remission in most of the cases.
Despite all its applauding outcomes, life-threatening infection remains a serious
complication.

Table 6 shows outcomes of studies that have evaluated the effectiveness of
Tocilizumab in different types of vasculitis.

Table 7 summarizes the commonly used agents to treat systemic vasculitis, as
discussed in this chapter, along with its mechanism of action and dosages.

4, Conclusion

In recent times use of high dose corticosteroids, cytotoxic and immunosuppres-
sant drugs has improved the prognosis of systemic vasculitis dramatically. However,
some patients still do not respond to conventional therapy or may not achieve
remission. Few of them would relapse and a large number of patients develop illness
secondary to the adverse effects caused by long term use of these drugs. The advent
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of biological agents has not just let to a better understanding of pathophysiology

of systemic vasculitis, but has also proved to be safe and efficacious. Among these
agents, anti-TNF and anti-B cell therapy have been the first choice in many cases.
Although clinical data are still insufficient, these agents seem to occupy most of the
market in near future [32].

5. Methods used for research of articles

We collected information by systematic review of the PubMed, scientific
abstracts and by searching textbooks of Rheumatology.

Author details

Muhammad Ishaq Ghauri and Muhammad Shariq Mukarram*
Department of Medicine, Jinnah Medical College Hospital, Karachi, Pakistan

*Address all correspondence to: sharig.msm@gmail.com

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

165



Vascular Biology - Selection of Mechanisms and Clinical Applications

References

[1] Guillevin L, Dorner T. Vasculitis:
Mechanisms involved and clinical
manifestations. Arthritis Research &
Therapy. 2007;9 (Suppl 2)

[2] Nakazawa D, Masuda S,

Tomaru U, Ishizu A. Pathogenesis and
therapeutic interventions for ANCA-
associated vasculitis. Nature Reviews

Rheumatology. 2019;15:91-101

[3] Mahr AD, Watts RA. Eular Textbook
on Rheumatic Diseases. 1st ed. London:
BM]J Group; 2012. p. 616

[4] Firestein GS et al. In: Erickson AR,
Cannella AC, Mikuls TR, editors.
Kelley & Firestein’s Textbook of
Rheumatology. 10th ed. Philadelphia,
PA: Elsevier; 2017. p. 1181

[5] Firestein GS et al. In: Stone JH,
editor. Kelley & Firestein’s Textbook of
Rheumatology. 10th ed. Philadelphia,
PA: Elsevier; 2017. p. 1513

[6] Stone JH, Merkel PA, et al. Rituximab
versus cyclophosphamide for ANCA-
associated vasculitis. The New England
Journal of Medicine. 2010;363:221-232

[7] Specks U, Merkel PA, et al. Efficacy
of remission-induction regimens

for ANCA associated vasculitis. The
New England Journal of Medicine.
2013;369:417-427

[8] Jones RB, JWC T, et al. Rituximab
versus cyclophosphamide in ANCA-
associated renal vasculitis. The

New England Journal of Medicine.
2010;363:211-220

[9] Guillevin L, Pagnoux C, et al.
Rituximab versus azathioprine for
maintenance in ANCA-associated
vasculitis. The New England Journal of
Medicine. 2014;371:1771-1780

[10] Thiel J, Hassler F, et al. Rituximab in
the treatment of refractory or relapsing

166

eosinophilic granulomatosis with
polyangiitis (Churg Strauss syndrome).
Arthritis Research & Therapy.
2013;15:R133

[11] Puechal X et al. Rituximab therapy
for systemic vasculitis associated with
rheumatoid arthritis: Results from

the autoimmunity and rituximab
registry. Arthritis Care and Research.
2012;64(3):331-339

[12] Fellner C. Biologics will pump up
the vasculitis market. P& T Community.
2016;41(4):258-260

[13] Lamprecht P et al. Effectiveness of
TNF alpha blockade with infliximab in
refractory Wegener’s granulomatosis.
Rheumatology (Oxford).
2002;41:1303-1307

[14] Hoffman GS et al. Infliximab for
maintenance of glucocorticosteroid-
induced remission of giant cell
arteritis. Annals of Internal Medicine.
2007;146:621-630

[15] Rodriguez M, Matamale MA,
Segado AA. Infliximab as a novel
therapy for refractory Kawasaki disease.
Scandinavian Journal of Rheumatology.
2006;35:318-321

[16] Burns ] et al. Immune monitoring
in Kawasaki disease patients treated
with infliximab and intravenous
immunoglobulin. Clinical and
Experimental Immunology. 2013;174:
337-344

[17] Burns JC et al. Infliximab treatment
for refractory Kawasaki syndrome. The
Journal of Pediatrics. 2005;146:662-667

[18] Wegener’s Granulomatosis
Etanercept Trial Research Group.
Etanercept plus standard therapy
for Wegener’s granulomatosis. The
New England Journal of Medicine.
2014;371:1771-1780



Treatment of Vasculitis: Beyond the Basics
DOI: http://dx.doi.org/10.5772/intechopen.92729

[19] Lugmani RA, Bacon PA, et al.
Birmingham Vasculitis Activity Score
(BVAS) in systemic necrotizing

vasculitis. The Quarterly Journal of
Medicine. 1994;87:671-678

[20] Stone JH, Hoffman GS, et al. A
disease-specific activity index for
Wegener’s granulomatosis: Modification
of the Birmingham Vasculitis Activity
Score. Arthritis and Rheumatism.
2001;44:912-920

[21] Mukhtyar C, Lugmani R. Current
state of TNF alpha blockade in
Wegener’s granulomatosis. Annals

of the Rheumatic Diseases. Nov.
2005;64(Suppl 4):iv31-iv36

[22] Knight A, Askling J, Ekbom A.
Cancer incidence in a population-based
cohort of patients with Wegener’s

granulomatosis. International Journal of
Cancer. 2002;100:82-85

[23] Katoh H et al. Takayasu’s arteritis
in a patient with Crohn’s disease:

An unexpected association during
infliximab therapy. Internal Medicine.
2010;49(2):179-182

[24] Identifier NCT01663623,
Belimumab in Remission of VASculitis
(BREVAS). [Internet]. Bethesda
(MD): National Library of Medicine
(US); 18 April 2018. Available from:
ClinicalTrials.gov. http://clinicaltrials.
gov/ct/show/NCT016636232

[25] Faverio P, Bonaiti G, Bini F,

Pesci AVA. Mepolizumab as first
targeted treatment for esinophilic
granulomatosis with polyangiitis:

A review of current evidence and
potential place in therapy. Therapeutics
and Clinical Risk Management.
2018;14:2385-2396

[26] Kim S et al. Mepolizumab as
steroid sparing treatment options in
patients with Churg Strauss syndrome.
The Journal of Allergy and Clinical
Immunology. 2010;125:1336-1343

167

[27] Moosig F et al. Targeting IL-5 in
refractory and relapsing Churg-Strauss
syndrome. Annals of Internal Medicine.
2011;155:341-343

[28] Hammoudeh M, Awadhi AA,

Hasan EH, Akhlaghi M, Ahmadzadeh A,
Abdollahi BS. Safety, tolerability and
efficacy of tocilizumab in rheumatoid
arthritis: An open-label phase 4 study

in patients from the Middle East.
International Journal of Rheumatology.
2015;2015:975028

[29] Mejla M et al. Efficacy and safety
of interleukin 6 receptor monoclonal
antibody (tocilizumab) in Colombian
patients with Takayasu arteritis.
Journal of Clinical Rheumatology.
2014;20:125-129

[30] Schmalzing M, Gadeholt O,
Gernert M, Tony H-P, Schwaneck EC.
Tocilizumab in large vessel vasculitis—
Different routes of administration.
Open Rheumatology Journal.
2018;12:152-159

[31] Walsh N. IL-6 blocker succeeds
in real-world vasculitis—Clinical and
laboratory improvements seen with
tocilizumab in refractory giant cell
arteritis. MedPage Today. 2019;13

[32] Pazzola G, Muratore F, Piptone N,
et al. Biologics in vasculitides: Where
do we stand, where do we go from now?
Presse Médicale. 2015;44:e231-e239






Section 3

Methods for
Diagnostic and Surgery
in Microvascular Diseases

169






Chapter11

The Impact of Nailfold
Capillaroscopy in the Approach of
Microcirculation

Vera Bernardino, Ana Rodrigues, Ana Lladd,
Melissa Fernandes and Antonio Panarra

Abstract

Nailfold capillaroscopy (NFC) is a simple, validated, and noninvasive method
to assess the microcirculation, through direct visualization of the capillaries. Main
patterns are classified, according to Cutolo et al., as scleroderma, further divided
into early, active, or late patterns, or nonscleroderma. NFC findings include dilated
loops, tortuosities, meandering or bushy capillaries, hemorrhage, or architectural
distortion. NFC use has been indicated for the evaluation of Raynaud’s phenom-
enon (RP), once it permits the distinction between primary and secondary RP. NFC
results accounts for diagnostic criteria of systemic sclerosis, but they can also be
useful in staging other connective tissue autoimmune diseases, like systemic lupus
erythematosus, inflammatory myositis, or vasculitis. The CSURI index uses NFC
for prediction of digital ulcer relapse. Recent evidence revealed NFC can also be
applied in systemic disorders with vascular involvement.

Keywords: nailfold capillaroscopy, microcirculation, Raynaud’s phenomenon,
connective tissue autoimmune disorders, vasculitides

1. Introduction

Nailfold capillaroscopy (NFC) is a noninvasive, simple, and highly sensitive
technique used in the study of microcirculation, as it permits direct visualization of
nailfold capillaries [1, 2]. The understanding of NFC results from years of research
in Raynaud’s phenomenon (RP) in rheumatic diseases. In fact, this method isa
paramount tool to differentiate between primary and secondary RP and, associated
with autoantibodies, contributes for an early detection of systemic autoimmune
connective tissue disorders (AICTD), as microcirculation abnormalities can arise as
first manifestations of these diseases [3-5]. Its importance has reached a global rec-
ognition and validation as it became a classification criterion for systemic sclerosis,
pointing 2 out of a minimum of 9 points to perform the diagnosis [6].

Ensuing studies have been disclosing the relationship between NFC abnormali-
ties and some clinical syndromes or diseases, as digital ulcers, myositis, pulmonary
hypertension, heart failure severity, diabetes mellitus, and arterial hypertension,
among others [7-13]. Capillaroscopy can also be useful in monitoring the micro-
vascular impact of certain drugs, as systemic vasodilators [2]. A role of NCF asa
prognostic tool has been established with the Capillaroscopic Skin Ulcer Risk Index
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(CSURI), to predict the appearance of new scleroderma ulcers and/or persistence of
nonhealing lesions, within 3 months from NFC exam [14]. It has a good sensitivity,
specificity, and positive predictive value, even in different devices. Its reliability

has been successively demonstrated by European League Against Rheumatism
(EULAR) study groups [15-17].

Indications for NFC do not resume to RP or other vascular acrosyndromes
approach. It should be performed to any patient with microcirculation involvement
from a systemic disease that includes AICTD, like systemic sclerosis, idiopathic
inflammatory myositis, mixed connective tissue disease, and systemic lupus erythe-
matosus, among others, but also other systemic diseases associated to microangiopa-
thy, like vasculitides, diabetes, and arterial hypertension. As it also plays an important
role in diagnosis, prognosis, and treatment monitoring of some diseases, capillaros-
copy can be considered to act as a promising microcirculation biomarker [18].

2. Capillaroscopy procedures

NFC is commonly performed in nailfold cuticles, as the capillary loops become
more parallel to the skin surface in this area and can be observed in their full length
in the last row [2]. Usually, eight fingers are examined: the 2nd, 3rd, 4th, and 5th
[1, 19]. The thumbs are excluded because, in these fingers, capillaries are poorly
observed and microtrauma is more frequent due to thumb’s opponency. At least four
images should be taken from each finger, in order to maximize nailfold area visual-
ization (Figure 1). Less than eight nailfold reduces the sensitivity to detect capillary
changes [20]. So, in a regular exam, at least 32 pictures are taken from each hand
when using a videocapillaroscope.

The patient should stay at least 20 minutes in a climatized room (20-22°C), to
reduce RP attacks, and a clinical examination should be performed in his or her
hands, in order to avoid traumatic injuries and to detect sclerodactyly, edema,
pitting scars, active arthritis, skin lesions, onychophagia, or other possible changes
[19, 21]. As several physiological and external factors can affect NFC image quality,
patients are asked to avoid cutting cuticle or even the nails in the previous week,
prevent nail varnish removal, and avoid smoking or drinking caffeine-containing
beverages in the preceding hours [7]. To improve the amount of light reaching the
nails and then ameliorate image quality, an immersing oil is used between the skin
and the lens.

Different devices can be used for microcirculation visualization:

* Ophthalmoscopes and traditional microscopes: they consist in low cost options
and are widely available, which can be used with minimal training; the dis-
advantages include not only low magnifications (10-20x), but also it is hard
handling and it has a poor reproducibility.

* Dermatoscopes: they have an intermediate cost; they are portable devices and
easily available and have acceptable resolution and sensitivity for NFC abnor-
malities; however, they also have magnification restraint (20-40x) and can
only detect gross NFC changes, and images are not reproducible.

* Stereomicroscopes: they also have an intermediate cost, they are easy to use,
their magnification lens vary from 10-200x, but they are time-consuming and
difficult to use in patients with joint contractures and they need an additional
camera and fiber optic light source to capture the images, and a specialized
training is even required.
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Figure 1.

Nailfold capillaroscopy should be performed in 2nd, 3rd, 4th, and sth fingers, dividing each nailfold cuticle
into 4 areas and taking images from each of them. (A) Clinical examination of the fingers should be performed
before the exam begins. (B) Performing videocapillavoscopy using Videocap biomicroscope, version 3.0. (C, D).

* Videocapillaroscope (Figure 1): it has an excellent image quality and reproduc-
ibility and variable magnification from 200-600x. It has a portable system
enabling its use in patients with severe joint contractures, and it carries specific
software for capturing and analyzing the images, yet it is the most expensive
option and requires specialized training [7].

NFC procedure includes the assessment of morphologic and some functional
parameters: skin transparency, capillary density and orientation, venous plexus visu-
alization, presence of neoangiogenesis or microhemorrhages, capillary loop diameter,
length and morphology, and characteristics of blood flow [1, 21]. The number of capil-
laries has been validated as the most important criterion for the patient follow-up [22].

3. Nailfold capillaroscopy assessment and classification

NFC studies lead to the detection of microvascular abnormalities. Some of
them, rarer, have a clear pathological significance and can disclose early an AICTD-
they are called the “major abnormalities” [1]. Among those are giant capillaries,
capillary architecture disorganization, microhemorrhages, neoangiogenesis, and
capillary loss. Other abnormalities, more frequent, have an uncertain pathological
meaning and represent an overlap between the scope of normality and microangi-
opathy-they are called the “minor abnormalities.” Those are principally tortuosity,
abnormal shapes, or visibility of the subpapillary venous plexus.

Capillaroscopic parameters are usually evaluated through qualitative, semiquan-
titative, and quantitative analysis. The qualitative assessment implies pattern rec-
ognition and describes the global microvascular array and architecture, shape and
distribution of the capillaries, and abnormalities of single loops. It readily allows a
distinction between a normal capillaroscopy exam and an abnormal one [20]. The
semiquantitative analysis is focused on major NFC changes. The quantitative evalu-
ation estimates capillary density, avascular areas, diameter of enlarged capillaries,
and the frequency of each abnormality. The quantification of capillaries includes
the number of loops in the distal row ina 1 mm? section of the nailfold (Figure 2).

Normal capillaries are hairpin shaped and present a homogeneous distribution,
in a “comb-like” structure [1] (Figure 3). Capillary density varies from 9 to 14 capil-
laries per millimeter in adults and at least 6 in children [1, 7, 23]. Abnormal shapes
include the following:

* Tortuous capillaries: arterial and venous limbs are curled but do not cross [23]
(Figure 4A).
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Figure 2.

Capillary density. Panel A: 1 capillary/mm?; panel B: 6 capillaries/mm’. (arrows) images were taken using
Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of
Hospital Curry Cabral.

Figure 3.

Examples of images of nailfold capillaroscopy captured in healthy subjects and considered as normal. Images
were taken using Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy
Clinic of Hospital Curry Cabral.

Figure 4.

Examples of capillaroscopy abnormalities: Tortuosity (arrow), crossing (X), meandering (black circle), bushy
capillaries (six-pointed star), subpapillary plexus visibility (plus sign), and dilated loop (black square).
Images were taken using Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold
Capillaroscopy Clinic of Hospital Curry Cabral.

* Crossing capillaries: arterial and venous limbs cross at one point [23]
(Figure 4B).

* Meandering loops: the limbs cross upon themselves or with each other several
times [23] (Figure 4A).

* Bushy capillaries: the limb branches present themselves in small and multiple
buds [7] (Figure 4C).
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* Ramified capillaries: there are abnormal connections between arterial and
venous limbs or different capillaries [7] (Figure 5).

* Neoangiogenesis: neoformations can be heterogeneous and may comprise
shape heterogeneity, four or more capillaries within a single dermal papilla,
elongated loops, branching, and interconnected capillaries [1] (Figure 5).

* Bizarre loops: capillaries with an atypical morphology, distinct from other
described categories [23].

* Dilated or enlarged loops: there is not a universally accepted definition for
loop enlargement, but it is usually considered if the limbs are enlarged about
four times the normal width or if the width diameter is >20 pm. Nevertheless,
arecent study from Cutolo et al suggests that dilations below 30 pm may be
considered nonspecific [23] (Figure 6).

* Megacapillary or giant capillary: capillaries with homogeneously enlarged
loops with a branch diameter above 50 pm [1, 23] (Figure 6).

* Elongated capillaries: capillary loops longer than 300 pm [7] (Figure 7).
Other capillaroscopic parameters include the following:

* Hemorrhages: microbleeding appears as dark masses adjacent to distal row,
due to hemosiderin deposits. They result from disruption of the capillary wall,
either spontaneous or traumatic [1, 7] (Figure 8).

* Avascular areas: lack of two or more successive capillaries. Loss of capillaries
is associated with tissue hypoxia and subsequent digital ulcers and ischemia
[7, 23] (Figure 2).

* Subpapillary venous plexus visibility: observation of large and linked
arrangement of vessels with a greater caliber than the capillaries. Enlargement
and congestion of venules and capillaries related to persistent opening of
arteriovenous anastomoses, thus enabling a greater visibility [1] (Figure 4).

* Capillary blood flow: with powerful magnifications, when the blood flow
is slow, it is possible to see the packs of red blood cells moving as a capillary
sludge [1] (Figure9).

* Capillary array and architecture disarrangement: when shapes, length, and
diameter vary in continuous loops, it leads to a complete distortion of a normal
capillary pattern [1] (Figure 10).

Major NFC patterns divide into scleroderma and nonscleroderma pattern.
Scleroderma pattern was first described by Maricq et al, through a combination of
widening of the capillary loop, loss of capillaries, and disorganization of the nailfold
capillary bed [1]. This pattern is frequently seen in scleroderma spectrum disorders,
like systemic sclerosis, dermatomyositis, and mixed connective tissue disease and in
RP without a clear diagnosis. Later, Cutolo et al further classified the scleroderma

pattern into “early,” “active,” and “late” stages. “Early” scleroderma pattern presents
with few giant capillaries and hemorrhages, relatively well-preserved capillary
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Figures.

Images from three different phases of scleroderma pattern, belonging to three different patients: Early, active,
and late (from left to right). Capillary density decveases from early to late pattern. Capillaroscopic findings
include giant capillaries (black spot), hemorrhages (**), and neoangiogenesis (star). Images were taken
using Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of
Hospital Curry Cabral.

Figure 6.

Capillary limb dilatation: Dilated (diameter > 30 ym) and giant (diameter > 50 uym) capillaries. Images were
taken using Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy
Clinic of Hospital Curry Cabral.

Figure 7.
Elongated capillaries (capillary loops >300 pum). Images were taken using Videocap biomicroscope, version 3.0,
magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of Hospital Curry Cabral.

distribution, and no loss of capillaries. “Active” scleroderma pattern reveals frequent
giant capillaries and hemorrhages, moderate loss of capillaries, mild disorganization
of capillary bed, and absent or mild ramified capillaries (i.e., neoangiogenesis).
“Late” scleroderma pattern shows an irregular enlargement of the capillaries, few
or absent giant capillaries and hemorrhages, severe loss of capillaries with avascular
areas (the plages désertes), and ramified or bushy capillaries (Figure 5).

In healthy subjects, anatomic variations occur, and capillary abnormalities can
be found. The estimated prevalence of these changes are meandering loops in 25%,
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Figure 8.

Examples of nailfold hemovvhages in patients with different diseases. Images were taken using Videocap
biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of Hospital Curry
Cabral.

Figure 9.

Imgazes from a single patient with Sjogren syndrome, presenting dilated loops (black square), meandering
(black circle), crossing (X), reduced capillary flow with sludge (dashed arrow), and ingurgitated venous
plexus (plus sign). (A: sth finger of the right hand; B: 2nd finger of the left hand; C: 4th finger of the right
hand.) images were taken using Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold
Capillaroscopy Clinic of Hospital Curry Cabral.

Figure 10.

Degrmutomyositis-images from 3 different patients, revealing reduced capillary density, with a complete
distortion of the vascular arvay, neoangiogenesis (star), giant capillaries (black dot), and hemorrhages (™).
Venous plexus is also ingurgitated (plus sign). Images werve taken using Videocap biomicroscope, version 3.0,
magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of Hospital Curry Cabral.

dilated capillaries in 12%, bushy loops in 7%, bizarre loops in 2%, and giant capil-

laries in 0.3% of the healthy population [23].

4. Nailfold capillaroscopy in autoimmune connective tissue diseases
AICTD complex pathogenesis usually includes microvascular changes, with

occurrence of progressive structural and functional damage of the capillaries.

Therefore, NFC became an important diagnostic and prognostic tool to use while

managing these disorders.

4.1 Systemic sclerosis (SSc)

Systemic sclerosis has probably been the most studied disease with NFC. Itisa
severe AICTD in which the main pathological events are endothelial dysfunction,
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fibrosis, and inflammation, which usually results in skin and vascular changes [24].
These include an important damage of microvascular network, with enlarged and
giant capillaries, capillary loss with disarrangement of capillaries’ architecture, and
neoangiogenesis. As mentioned above, the scleroderma patterns are divided into
three different patterns: “early,” revealing only few enlarged capillaries, few hemor-
rhages, and preserved capillary density; “active,” showing frequent giant capillaries
and hemorrhages, mild capillary loss, and disorganization of the microvascular
network; and “late,” where irregular and giant capillaries can be found, as with few
hemorrhages, neoangiogenesis, and avascular areas [25] (Figure 5).

A large multinational study based on EULAR Scleroderma Trials and Research
(EUSTAR) registry disclosed a scleroderma pattern in more than 86% of SSc
patients [24]. Subjects without this pattern did not have organ involvement and RP
and some had negative autoantibodies. These results suggest that although these
patients were classified as having an SSc, they did not have an overt disease and,
then, nonspecific NFC changes may precede an evolving scleroderma pattern. In
patients with overt disease, capillaroscopic findings mirror somehow internal organ
involvement evolution. Following disease progression, dynamic transition of micro-
vascular abnormalities through different NFC patterns can be found in up to 50% of
SSc patients [18, 26]. On the other hand, capillaroscopy patterns can improve after
up to 4 years of combined treatment, revealing a progressive significant recovery
in structure and function of microcirculation, associated to ameliorated outcomes,
independently of disease severity [27-29].

Capillaroscopy abnormalities became one of the diagnostic criteria for SSc in the
2013 classification [6]. NFC should not only be used for a diagnostic purpose but
also for monitoring the disease process and determining its prognosis, because, as
explained above, its dynamic changes occur, and its severity directly relates to the
extent of organ involvement [8].

4.2 Systemic lupus erythematosus (SLE)

A systematic review was recently performed by a EULAR study group, in order
to establish capillaroscopic parameters in SLE patients and its correlations with
clinical and laboratory characteristics [30]. According to this study, SLE patients
present more tortuous and abnormal capillaries than healthy controls, as well as
more hemorrhages (Figure 11). An NFC score was created by these authors to set
the microangiopathy severity, SLE patients being those who had the higher scores.
“Nonspecific patterns” and “scleroderma-like patterns” were also described. A
correlation between NFC abnormalities and clinical and laboratory parameters was
established, since a relationship between NFC score and SLE activity was disclosed.
Further, it is an important note to highlight that, once SLE is a heterogeneous
disease, with altered vascular involvement, probably capillaroscopic changes will
only be seen in the active phase of the disease [31]. Also, as the microvasculopathy
profile in SLE is quite different from the SSc’s, which is typically obliterative,
changes as neoangiogenesis are less common in SLE patients [32, 33].

4.3 Inflammatory idiopathic myositis

In inflammatory idiopathic myopathies (IIM), it is frequent to find tortuosities,
capillary loss, enlarged and giant capillaries, microhemorrhages, and neoangio-
genesis, as well as a disorganization of the vascular network and avascular areas
[1, 34]. In dermatomyositis (DM), patients present more severe NFC findings,
compared with those with polymyositis (PM). Ramified and bushy capillaries
represent a hallmark of microvascular damage in DM (Figure 10). In these patients,
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capillaroscopic abnormalities seem to be related with disease duration: in the first
6 months of disease duration, capillary density is usually reduced and giant capil-
laries are frequent; after that period, scleroderma pattern becomes more common.
In PM patients, NFC findings do not significantly differ from healthy controls. It
has also been demonstrated that there is a potential relationship between capillary
changes and organ involvement, especially in patients with lung disease [35].

A recent multicenter study in antisynthetase syndrome revealed that NFC
changes are usually independent from the presence of RP [27]. In these patients,
the scleroderma pattern is associated to positivity for anti-Jol antibodies and a
longer disease duration. An interesting finding was that significant correlation was
established between ILD and ramified capillaries, but not with SSc-like pattern.

Together, these studies suggest that NFC can become an important indicator of
interstitial lung disease in patients with IIM, disclosing early this potential life-
threatening manifestation.

4.4 Mixed connective tissue disease (MCTD)

In MCTD, different abnormalities can be found: minor changes, hemorrhages,
dilated and giant capillaries, reduced density, and neoangiogenesis [19] (Figure 12).
The patients can present with a scleroderma-like pattern, but less severe when
compared to systemic sclerosis. The dilated loops are usually more dystrophic, and
the dilated loops are long. The neoangiogenesis features are normally present in
patients who progress to SSc. The avascular areas are more frequent in patients with
pulmonary involvement or under immunosuppressants [36].

Figure 11.

Systemic lupus erythematosus. Images from three different patients, revealing crossing capillaries (x), dilated
loops (square), meandering capillaries (black circle), tortuosities (arrow), ingurgitated venous plexus (plus
sign), and loop aneurysm (*). Images were taken using Videocap biomicroscope, version 3.0, magnification
x200. Courtesy of Nailfold Capillaroscopy Clinic of Hospital Curry Cabral.

Figure 12.

Imgages from 3 different patients with mixed connective tissue disease. Capillaroscopic findings include crossing
(x), meandering (black circle), tortuosity (arrow), dilated loops (black square), giant capillaries (black dot),
neoangiogenesis (black star), and clear avascular areas on the right image. Images were taken using Videocap

biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of Hospital Curry
Cabral.
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4.5 Sjogren syndrome

In patients with Sjogren syndrome (SSj), NFC can be normal in up to 59% of
cases, if RP is absent [19]. The more frequent findings in this disease are tortuosi-
ties, crossings, and ingurgitated venous plexus (Figure 9). In patients carrying pos-
itive anticentromere antibody, dilated loops and giant capillaries can also be found.
No correlations were stated between NFC changes and laboratory parameters.

4.6 Rheumatoid arthritis

The different abnormalities found in rheumatoid arthritis patients confirm the
coexistence of microangiopathy in this disease [37]. In patients without rheumatoid
vasculitis, it is frequent to find thin, long, and tortuous capillaries, with ingurgitated
anarchic venous plexus and microhemorrhages [19]. These changes have no correlation
with disease activity. Dilated or giant capillaries are rare and justify a closer follow-up.

4.7 Psoriasis

NFC in psoriasis usually reveals a reduced capillary density, with avascular
areas, and morphologically abnormal capillaries [38]. No correlation was found
between capillary density and disease duration or the extent of skin involvement,
but avascular areas are more frequent in patients whose nails are also affected. If the
exam is performed over the psoriasis plaques, dilated and long loops can be seen,
with interstitial edema and fast blood flow [19].

5. Nailfold capillaroscopy in noninfectious vasculitides

Vasculitides evolve by inflammation of vessels, which include capillaries. NFC
can, then, provide valuable information on the approach of patients with vasculitis.
Although scarce research has been made in this field, a recent systematic review,
following Chapel-Hill nomenclature, puts in evidence that NFC is more useful in
small than in large vessel vasculitides [39, 40]. However, as large vessel vasculitides
also involve microcirculation, the presence of NFC changes in these disorders
cannot be excluded. Besides, NFC can also give important information about organ
involvement and disease activity [41, 42].

The microangiopathy in vasculitides reveals several and heterogeneous NFC
changes, but generally nonspecific, when compared to scleroderma pattern.
Increased tortuosity; microhemorrhages; enlarged, bushy, and bizarre capillaries;
and architectonic disarrangement are the most frequent findings [39]. In some
cases, however, the described NFC abnormalities include capillary dilation and
reduced density, which are usually associated with scleroderma spectrum diseases.
Whether a deep capillary damage is due to primary vasculitis or if there is a possible
overlap of cases with scleroderma-related disorders is yet to be clarified.

5.1 Large vessel vasculitis

A recent study revealed that in Takayasu arteritis (TA) capillaries are affected
due to hypoperfusion [43]. NFC abnormalities found were reduced capillary length
and venous limb diameter and tortuosity, but, in hands with subclavian involve-
ment, these changes were more severe. Capillary diameter was then considered as
an example of subclavian artery stenosis alteration due to disease progression.

We found no data about nailfold capillaroscopy in giant cell arteritis.
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5.2 Medium vessel vasculitis

In polyarteritis nodosa, NFC can be normal in the absence of Raynaud’s phe-
nomenon [19]. Yet, in its presence, changes include reduced capillary density,
microhemorrhages, and edema. When digital ischemia is present, important
edema, capillary flow sludge, and multiple hemorrhages can be seen (Figure 13).

Only one study about Kawasaki disease and NFC was found and it involved 64
pediatric patients [44]. Microcirculation abnormalities found included reduced
density, dilation of arterial and venous limb diameters, higher intercapillary
distance, and abnormal loops. The latter two were related to disease activity, as they
improved from postacute to convalescent phase. Blood velocity was associated with
increased coronary artery diameter.

5.3 Small vessel vasculitis
* Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis

Microcirculation abnormalities of granulomatosis with polyangiitis, formerly
Wegener’s granulomatosis, were described in one study involving 12 patients [45].
The main NFC changes detected were avascular areas; crossed and bushy capillar-
ies; and microhemorrhages. No relationship was established with disease activity or
its clinical aspects.

No valuable information was found about NFC in microscopic polyangiitis and
eosinophilic granulomatosis with polyangiitis-former Churg-Strauss vasculitis.

* Immune complex small vessel vasculitis

NFC changes in cryoglobulinemic vasculitis were disclosed in one study with 29
patients, of which 28 had hepatitis C infection [41]. Microcirculation abnormalities
detected were tortuosity, altered orientation, shortened capillaries, and neoangio-
genesis (Figure 14). No relation was found with disease activity, but glomerulone-
phritis was associated with a higher score of NFC alterations.

IgA vasculitis (IAV), formerly called Henoch-Schénlein purpura, rarely affects
adults and studies about NFC changes have been performed in small samples of
patients in pediatric age [46-48]. The NFC changes in IAV are conflicting, including
density reduction, increased capillary length, loop dilatation, persistent edema,

Figure 13.

Polyarteritis nodosa. This patient presents with capillary slow flow sludge (dashed arrow), reduced capillary
density, but also enlarged capillaries (black dot) (4th finger of the left hand). Images weve taken using
Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of
Hospital Curry Cabral.
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Figure 14.

Cryoglobulinemic vasculitis. The image reveals tortuosity (arrow), bifurcation with altered orientation
(triangle), and neoangiogenesis (star) (2nd finger of the right hand). Images werve taken using Videocap
biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of Hospital Curry
Cabral.

Figure 15.

Tortuosity (arrow) in a patient with Behget disease (4th finger of the left hand). Images were taken using
Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold Capillaroscopy Clinic of
Hospital Curry Cabral.

tortuosity, and branching capillaries. No statistically significant correlation was
found between NFC abnormalities and organ involvement, but Zampetti et al.
described normalization of the edema after 6-month follow-up.

There was no available data about NFC in anti-glomerular basement membrane
disease and hypocomplementemic urticarial vasculitis-former anti-C1q vasculitis.

5.4 Variable vessel vasculitis

Behget disease (BD) relationship with NFC alterations have been described in
some studies, but they all used different technical characteristics for visualization
of microcirculation [42, 49-51]. The main NFC abnormalities include enlarged cap-
illaries, microhemorrhages, reduced density, and tortuosity (Figure 15). None of
them were related with disease activity. Still, some NFC alterations were described
as being related with clinical aspects of BD: NFC severity corresponded to longer
disease duration and positive pathergy test; enlarged capillaries were associated
with younger age at disease onset, high blood pressure, and superficial phlebitis.

We did not find any information about capillaroscopy in Cogan syndrome.

5.5 Vasculitis associated with systemic disease
In rheumatoid vasculitis, some studies correlated with capillary damage and levels

of soluble intracellular adhesion molecule-1 (sICAM-1), which is highly expressed
during inflammation [52-54]. They found abnormalities in the great majority of
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patients, mainly morphologic changes, and although there was no direct relation with
disease activity, severe NFC alterations were associated with disease duration, cutane-
ous vasculitis, joint erosions, systemic vasculitis, and sICAM-1 levels. In a recent study
involving 62 patients, scleroderma-like NFC changes were found in 20% of patients
with rheumatoid vasculitis and they were interpreted as varying degree of microvas-
cular inhomogeneity, not being necessarily related to overlap syndromes [55, 56].

No specific information was found about NFC in lupus vasculitis or sarcoid
vasculitis.

6. Nailfold capillaroscopy in systemic disorders with vascular
involvement

6.1 Antiphospholipid syndrome (APS)

Since APS does not derive from connective tissue, we consider more appropriated
to approach it in a separated part of this chapter. Capillaroscopy has been studied
in APS and attempts were made to include it as a diagnostic tool [57]. NFC find-
ings include microhemorrhages and dilated loops. Long loops and slow flow sludge
capillaries are suggestive of a primary APS, while hemorrhages are typical of second-
ary APS [19] (Figure 16). A specific pattern of microhemorrhage, symmetrically
disposed, has been called the “comb-like” hemorrhage and is highly associated to APS
[1]. Further, positivity for anticardiolipin antibody has been related to higher preva-
lence of hemorrhages [58]. In spite of this, and even if microhemorrhages significantly
correlate with the diagnosis of APS and its clinical manifestations, NFC findings are
not sufficient to establish APS diagnosis for its lack of sensitivity and specificity.

6.2 Diabetes mellitus (DM)

In DM, NFC changes are apparently associated to the level of glycemic control
and the existence of chronic microvascular complications [9]. However, there is an
elevated prevalence of comorbidities concurring for microangiopathy, especially
in type 2 diabetes, including arterial hypertension, dyslipidemia, and obesity. Still,
a “diabetic capillaropathy” was described, which includes tortuosity, capillaries
with bizarre shapes, loop dilations, and avascular areas [9, 59]. No differences were
found between type 1 and 2 DM, but microvascular complications detected with
NFC were correlated with diabetic peripheral neuropathy [60]. It has also been
demonstrated that even in prediabetic patients, microangiopathy can already be
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Figure 16.

Antiphospholipid syndrome in three different patients, vevealing tortuosity (arrow), ingurgitated venous plexus
(plus sign), long capillaries (two-way arrow), slow flow sludge (dashed arrow), and “comb-like” hemorrhages
(***). Images were taken using Videocap biomicroscope, version 3.0, magnification x200. Courtesy of Nailfold
Capillaroscopy Clinic of Hospital Curry Cabral.
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detected. So, it is reasonable to suggest that capillaroscopy could be included in the
screening of DM-related complications, since it can easily detect microvascular
damage at a peripheric level.

6.3 Arterial hypertension

The available data on NFC in arterial hypertension is scanty, but microangi-
opathy has been demonstrated in different studies. Decreased capillary density
has been described as being related with the mean diastolic pressure and the blood
hyperviscosity [61]. These abnormalities are even more severe in the hypertensive
elderly population, once capillary loops become longer and narrower. A slow flow
capillary sludge is usually found in individuals with a hypertensive systolic pressure.
Capillary density is reversible, as it has been proved in different ethnic groups that
areduction in ingested salt would result in augmented capillary density [62]. A dif-
ferent study revealed a significant narrowing of arterial loops in patients with either
arterial hypertension or prehypertension stage, regardless of their age [11].

7. Conclusion

Capillaroscopy is a paramount tool in the microcirculation study. Its reliability
in the early diagnosis of some AICTD disorders has already been well stated, but
it has also proved its great value in treatment monitoring and predicting systemic
complications, especially in scleroderma spectrum disorders. In this way, it should
be considered as a potential biomarker for microangiopathy.

Until now, scarce data are available about the impact of capillaroscopy on vascu-
litides approach. However, some studies have shown an active involvement of capil-
laries in these disorders, apart from the size of the vessels typically involved, which
offers a large field and opportunity for further investigation. Large-scale standard-
ized studies are, thus, required to clarify the role of capillaroscopy in vasculitis.
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Nailfold Capillaroscopy in
Rheumatic Diseases

Abhishek Patil and Isha Sood

Abstract

Nailfold capillaroscopy (NFC) has developed into an indispensable tool for
rheumatologists in the evaluation of rheumatic diseases. It offers various advantages
in being rapid, noninvasive, and inexpensive. With NFC we are able to visualize the
microcirculatory changes in the nail beds. These changes are key to the pathogenesis
of connective tissue diseases such as systemic sclerosis. Hence NFC helps in early
diagnosis of various connective tissue diseases. There is a lack of standardization in
the techniques used and various capillary parameters studied, which could lead to
variation in the reporting of the parameters studied. In this chapter we shall try to
highlight the most common parameters studied in capillaroscopy and its utility in
various connective tissue diseases.

Keywords: scleroderma, myositis, SLE, patterns

1. Introduction

Nailfold capillaroscopy (NFC) is a noninvasive bedside tool for the assessment of
capillary microcirculation and its changes. The history of this technique dates back
to over four centuries, with ] C Kohlhaas’s first description of capillary loops in nail-
fold using basic optical magnification. However, the utility of NFC in rheumatologi-
cal diseases came to the forefront after the studies of Maricq and Le Roy in 1973 [1].
They systematically described the capillaroscopic patterns in patients of rheumatoid
arthritis, systemic lupus erythematosus (SLE), and scleroderma (SSc) using a
wide-field stereomicroscope of 12x magnification. From then on, NFC has evolved
to be an indispensable tool for the rheumatologists in the evaluation of patients with
connective tissue diseases. NFC is now included in the recent American College of
Rheumatology/European League Against Rheumatism classification criteria for SSc
[2]. In the current chapter, we shall highlight the physiology, preparation, instru-
ments, and NFC parameters in various rheumatic diseases including SSc.

2. Principle

Microcirculation consists of arterioles, capillaries, and venules. The main
function of the microcirculation is capillary exchange—delivery of oxygen and
nutrients to tissues and removal of carbon dioxide and waste products. In most
areas of fingers, capillaries are oriented perpendicular to the skin surface and are
thus not amenable to visualization. In the nailfold areas, however, they become
parallel to the skin surface and thus are observable in full length in the distal row.
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Figure 1.
Schematic representation of a capillary loop.

Usually there are one to three capillaries in each dermal papilla [3]. Hence most of
the examination of the capillaries is concentrated on this region. Each capillary
loop consists of an arterial and a venous limb with the latter being wider (Figure 1).
With the help of various instruments, we are able to visualize the column of blood
within these capillaries. The density and morphology of these loops help in the
diagnosis and follow-up of patients with rheumatic diseases. We shall address these
in the below mentioned sections.

3. Instruments used in capillaroscopy

The instruments utilized for the study of nailfold capillaries have evolved over
time, from stereomicroscope to the high magnification nailfold video capillaroscopy
(NVC).

3.1 Wide-field stereomicroscope

It is the original technique utilized by Maricq et al. [1] and employs about 20x
magnification for the evaluation of capillaries. It provides the panoramic view of
nailfold capillaries and makes possible for the assessment of qualitative and quan-
titative parameters (Figure 2a). However, the instrument is expensive and non-
portable, and access is limited to special interest groups.

3.2 Ophthalmoscope and dermatoscope
These portable instruments provide images with lower magnification and qual-

ity. They are best utilized as bedside evaluation tools for the clinicians. Despite their
lower cost, they lack the image storing and processing capabilities.
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Figure 2.
Various instruments used in nail fold capillaroscopy; (a) stereomicroscope, (b) microscope and (c) nail fold
videocapillaroscope.

3.3 Microscope

It usually combines optical microscope and digital video camera connected to a
computer (Figure 2b). It's a handheld, inexpensive tool for the evaluation of capillary
parameters. The instrument can be used in varying magnifications from 200x to 600x.
In view of its portability and low cost, its best suited to the busy outpatient settings.

3.4 Nailfold videocapillaroscope (NFVC)

This technique provides high magnification (200x to 600x) and, with the aid
of specific software, allows a precise measurement of capillaroscopic parameters
(capillary length, width, and density) (Figure 2c). The disadvantages include high
cost and loss of panoramic view of the nailfold.

4. Procedure of nailfold capillaroscopy

The procedure followed for nailfold examination is similar for all of the above-

mentioned instruments. The underlying principle is to minimize the variability in

tissue perfusion due to the following testing conditions:

i. Patient is instructed to avoid smoking and caffeine for at least 6 h prior to the
procedure.

ii. He/she should be explained about the procedure.

iii. He/she is allowed to get acclimatized to room temperature for about
15-20 min.

iv. The skin to be examined is cleaned using soap and water.

v. Then a drop of skin-friendly oils such as cedarwood oil, olive oil, peanut oil,
etc. should be placed on the nailfold and observed under NFC. It should be
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used in optimum quantity, and too little or too much of the oil may result in
suboptimal resolution.

vi. A series of 4-12 overlapping images are taken in each finger to complete the
procedure.

vii. Conventionally the medial four fingers of both the hands excluding the
thumb are evaluated.

viii. Fingers which have sustained a recent injury are excluded from the
analysis [4].

ix. Usually the fourth and fifth fingers provide the maximum information due
to the transparent nature of the skin in them.

x. The parameters evaluated include capillary density, morphology, and
hemorrhages. The same are discussed in detail below.

5. Capillary parameters
5.1 Capillary shape

A normal capillary has a safety pin or inverted U appearance with an arterial and
venous limbs. The venous arm is larger than the arterial arm. However, the capillary
loops may exhibit morphological variations, such as crossed or meandering loops
(with intertwining). Bushy or excessively tortuous capillaries are seen in sclero-
derma, mixed connective tissue disease (MCTD), and dermatomyositis.

5.2 Capillary density (CD)

It is the number of capillaries in 1 mm length of the distal row of each finger or toe. A
capillary loop is considered to be in the distal row, if the angle between the apex of that
capillary loop and the two adjacent capillary loops is more than 90° [5]. Capillary density
of more than 9 is usually taken as normal, albeit age-related changes in the parameter
[6]. A mean CD for each finger is calculated by analyzing four fields in the same.

5.3 Capillary width

Literature has used different parameters while reporting on capillary width.
Some studies have reported on the width of the apical loop, arterial limb, and
venous limb, while the others have reported on the whole width of capillary loop
(Figure 3). Here we shall consider the whole width of capillary loop while describ-
ing the dimensions. The normal capillary loop diameter ranges from 25 to 50 pm in
adults. A capillary width of more than 90 pm is generally taken as an enlarged loop
[7]. Uniformly enlarged capillaries are typically seen in SSc, dermatomyositis, and
mixed connective tissue disease. The term giant capillary is used to denote a capil-
lary diameter of more than four times the normal size.

5.4 Intercapillary distance (ICD)

It is the distance between apical tips of two capillaries and varies between 96
and 166 pm [8]. Avascular areas are defined as the areas in which two or more
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Schematic representation of various capillary loop dimensions.

capillaries are missing as compared to the other areas with low capillary density [9].
Other authors term an ICD of more than 500 pm as avascular areas [8]. These are
typically seen in connective tissue diseases and are not associated with nonimmune
disorders.

5.5 Microhemorrhages

These are reddish brown punctate lesions found in the nail bed. These represent
early vascular damage and are most prominently visualized in connective tissue
diseases such as scleroderma.

6. Utility of capillary microscopy in rheumatology

Rheumatologists frequently encounter situations in which patients present with
complaints such as arthralgia, Raynaud’s, lung disease, etc. However, many of these
patients lack the typical clinical features to classify as a definite systemic connective
tissue disease such as scleroderma, MCTD, and others. In such scenarios, NFC can
serve as a useful modality in differentiating patients with and without connective
tissue disease. The common nail abnormalities encountered include dilated loops,
microhemorrhages, and capillary dropouts. Here we shall study the NFC abnor-
malities encountered in patients with rheumatological diseases.

6.1 Raynaud’s phenomenon

Raynaud’s phenomenon is an exaggerated responsiveness of the vasculature
to cold and other stimuli. It can be primary (in absence of an associated disorder)
or secondary (associated with a systemic disease such as scleroderma). NFC
can serve as a useful tool in distinguishing primary from secondary Raynaud’s.
Mannarino et al. [10] described three capillaroscopic patterns in patient with
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Raynaud’s—normal, borderline, and abnormal patterns. Authors proposed the
borderline NFC abnormalities (composed of shorter and more tortuous capillaries)
are due to the long-standing vasospastic reaction of the Raynaud’ itself. Of inter-
est though is the finding of abnormal capillaroscopic pattern in 8/44 patients with
idiopathic Raynaud’s phenomenon. These are the group of patients who might be
at a higher risk for developing connective tissue disease on follow-up. On the other
hand, the absence of NFC abnormalities in a patient of Raynauds is also helpful in
the exclusion of scleroderma [11].

7. Capillaroscopy in systemic sclerosis

Three capillaroscopic patterns have been described in SSc: early, active, and
late [12].

SSc-early pattern: it is characterized by the presence of few giant capillaries,
few capillary hemorrhages, relatively well-preserved capillary distribution, and no
evident loss of capillaries (Figure 4).

SSc-active pattern: in active pattern frequent giant capillaries are seen with
frequent capillary hemorrhages, moderate loss of capillaries, mild disorganization
of the capillary architecture, and mild ramified capillaries (Figure 5).

SSc-late pattern: in late pattern irregular enlargement of the capillaries with few
or absent giant capillaries and hemorrhages are seen. There is severe loss of capil-
laries with extensive avascular areas, disorganization of the normal capillary array,
and ramified capillaries (Figure 6).

7.1 Nailfold capillaroscopy and correlation with organ involvement
There have been several studies which tried to look for correlation of capillaro-

scopic parameters with organ involvement in systemic sclerosis. Though the results
from these studies have been variable, marked skin involvement and the presence

Figure 4.
Early SSc pattern showing few giant capillaries.
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Figure 5.
Active SSc pattern showing hemorrhages and giant capillaries.

Figure 6.
Late SSc pattern showing severe architectural distortion and capillary dropouts.

of pulmonary arterial hypertension were found to correlate with capillary loss in
majority of these studies.

Sato et al. [13] and Bhakuni et al. [14] found that capillary loss was associ-
ated with higher skin scores as assessed by modified Rodnan skin scores. Also the
significant loss of capillaries in diffuse cutaneous disease as compared to limited
disease was observed by Bhakuni et al. [14] and Ostojic et al. [15] in their study.
These studies showed, with the increasing skin thickness, the capillary density
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decreases and thus patients with diffuse cutaneous disease which has higher skin
scores have more marked capillary loss.

The association between the presence of pulmonary hypertension (PAH)
and various capillary parameters was also studied using either echocardiogra-
phy or right heart catheterization to define PAH. The first study of NFC to use
right heart catheterization (RHC) evaluated 44 SSc patients and found that SSc
patients with more capillary abnormalities (defined by increased apical limb
width, capillary width, area, and capillary length) correlated with higher pul-
monary vascular resistance, but capillary density was not evaluated in this study
[16]. Hofstee et al. [17] in a recent study using RHC (mean pulmonary artery
pressure (PAP) of >25 mmHg at rest or >30 mmHg during exercise as cutoff
for PAH) found capillary loss to be significantly associated with PAH. Riccieri
et al. [18] used echocardiography for screening (PASP>35) and RHC for con-
firmation of PAH. A total of 24 patients of SSc were studied of which 12 had
PAH. Significantly more capillary alterations and more avascular areas were
found in patients with PAH. Among the studies using echocardiographic screen-
ing for PAH, Sato et al. [13] defined PAH as PASP >35 mmHg and could not find
any significant association between the presence of PAH and various capillary
parameters. Castellvi et al. however found the neoangiogenesis to be significantly
associated with PAH (PASP > 40 on echocardiography) [19]. One more study,
did not find significant difference among NFC patterns in patients with elevated
PASP [20].

The correlation between the presence of interstitial lung disease and capil-
laroscopy parameters is not as consistent as that for PAH. Castellvi et al. [19] found
that patients with loss of capillaries on NFC had worse DLCO and FVC; however
none of the three SSc patterns (early, active, and late) showed any association with
FVC/DLCO ratio. Another study using FVC < 75% of predicted value and/or HRCT
and/or chest radiographic changes to define ILD could not find any difference in
capillary parameters in patients with and without ILD [20]. However 1 study which
screened 91 patients with SSc did found that patients with ground glass opacities
on HRCT had significantly higher mean avascular scores [21]. Another recent study
found that degree of neoangiogenesis was higher in SSc patients with honeycomb-
ing and DLCO < 50% and a number of avascular areas inversely correlated to
DLCO/AV (alveolar volume) [22].

Among serologies some studies could find an association between Scl-70 and
capillary density while no association was found with anti-centromere. Anti-Scl-70
positivity is seen in around 40% of dCSSc patients and carries an increased risk of
mortality owing to its association with lung fibrosis and rapidly developing skin
thickness [23]. The association of Scl-70 with active and late pattern was reported
for the first time by Cutolo et al. [24]. Anti-Scl-70 antibodies were found to be
significantly more prevalent in those with the “late” scleroderma pattern of capil-
laroscopy than “active” and “early” pattern in the EUSTAR cohort [25]. Another
study found that vascular deletion score was significantly higher in patients with
anti-Scl-70 positivity; however no correlation with capillary density was found [21].
A recent study could not find significant difference in NFC parameters between
Scl-70 positive and negative patients, though avascular areas were numerically
higher [22].

Association of anti-centromere antibodies with any of the parameter on capil-
laroscopy have been inconsistent. Herrick et al. found that reduced capillary
density was associated with positive anti-centromere antibody [26]. Another study
found that anti-centromere was significantly more prevalent in early and active
pattern on capillaroscopy than late scleroderma pattern [27]. Most of the other
recent studies failed to find significant relationship between ACA positivity and
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NFC parameters [13, 22]. The presence of ACA has been associated with a lower
frequency and severity of radiographic interstitial pulmonary fibrosis [28].

8. Nailfold capillaroscopy in other rheumatic diseases

The role of NFC in other rheumatic diseases is much well established compared
to SSc. Some of the salient features of NFC in various rheumatic diseases are
discussed below.

8.1 Systemic lupus erythematosus (SLE)

Nearly half of the patients with SLE have a normal capillaroscopic pattern.
Others have a tortuous, meandering capillaries, bizarre loops, and a prominent
subcapillary venous plexus [29]. In a systematic review by Cutolo et al. [30], 40
studies describing the capillaroscopic patterns in SLE were studied. They found the
meandering capillaries and hemorrhages are to occur more frequently in patients
with SLE and significantly less hairpin shaped loops compared to healthy individu-
als. Of note, they found the dilated capillaries to be associated with Raynaud’s and
gangrene in lupus patients. In seven of these studies, NFC scores also correlated
with the disease activity.

8.2 Dermatomyositis (DM) and polymyositis

The scleroderma pattern is observed in 20-60% of patients with more frequent
and pronounced findings in dermatomyositis [31]. Juvenile dermatomyositis (JDM)
can reveal phasic changes on NFC. Early stages of microhemorrhages and giant
capillaries are followed later by capillary loss and neoangiogenesis [32]. In derma-
tomyositis, these phasic changes are less obvious. Interestingly, shorter duration of
disease is associated with more sever changes—giant capillaries and reduced capil-
lary density. Longer duration of disease is typified by the presence of extensively
ramified capillaries [33]. There also appears to be a strong correlation between the
NFC involvement and cutaneous activity [34]. In JDM patients, lack of resolution
of NFC changes is associated with the more severe and chronic forms of the disease
[32]. An association has also been described between capillary abnormalities and
ILD, Raynaud’s, and malignancy [35]. However, currently the data correlating with
disease activity is sparse to formulate any definitive recommendations.

8.3 Mixed connective tissue disease (MCTD)

Scleroderma pattern is observed in 65% patients of MCTD. The presence of
avascular areas has a strong correlation with the presence of interstitial lung disease
[36]. In a proportion of the patients, the NFC changes can revert with normaliza-
tion of CD and/or improvement in dilated loops and hemorrhages [36].

8.4 Undifferentiated connective tissue disease (UCTD)

NFC can help in the establishing the presence of a connective tissue disease in a
patient with equivocal findings. Scleroderma pattern is observed in 9/65 (13.8%) of
patients with UCTD in one study [37]. Approximately a quarter of the patients with
UCTD may transform into SSc on follow-up [38]. Hence capillaroscopic examina-
tion could be of value in identifying the patients of UCTD who could progress to
SSc on follow-up.
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8.5 Sjogren’s syndrome (SjS)

Patients of SjS who have Raynaud’s phenomenon have crossed capillaries and
confluent hemorrhages on NFC [39]. Also the patients who had anti-centromere
antibodies had scleroderma-type findings in this particular study.

9. Conclusions

There are two principal methods utilized in nailfold capillaroscopy. The one
with the stereomicroscope provides the panoramic view at lesser magnification.
Videocapillaroscope provides a larger magnification but at the cost of limited field
of visualization. They are equivalent for the identification of classical abnormali-
ties. The inclusion of capillaroscopic abnormalities in the ACR/EULAR classifica-

tion for SSc drew more attention to this technique. The education and training of
rheumatologists in capillaroscopic examination is the need of the hour.
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Abstract

Free tissue transfer pursues the best functional and aesthetic results in recon-
structive surgery. As these techniques completely maximise the donor tissues’
disposability, these treatments have become a first-line option in many situations.
When the donor site is taken form the same patient, these surgeries are often
referred to as autotransplants. Free tissue transfer sustains in microvascular anas-
tomosis, which are defined by a vessel lumen diameter inferior to 3 mm. Particular
attention to some details is important in these techniques, as, for example, to
preclude any damage to the vessel walls or any leakage in the microvascular anas-
tomosis. But the success of these techniques does not only depend on an adequate
vascular suture, but also on a constellation of details that must be taken into
account. These go from the availability of a trained team, to the ergonomics of the
surgeon, through the scrupulous cleanliness of the surgical field.

Keywords: free tissue transplantation, microvascular anastomosis, microsurgery,
reconstruction

1. Introduction to microsugery

Microvascular transfer is a reconstructive technique based on raising tissues
from healthy areas of the body, where an excess or dispensability exists, in advance
to transplant them to other regions where they are lacking, mainly after trauma,
oncological surgery or chronic infection. A microsurgical transfer from a strict
point of view implies a double vascular anastomosis less than 3 mm between vessels
in the transferred tissue to the ones in the recipient area [1]. Super-microsurgery
would refer to those situations in which anastomoses have a diameter between 0.3
and 0.8 mm [2]. Rigorously speaking, the recipient vessels are those receiving the
blood flow and the donors those from which it emanates. From a historical point of
view, the compound of the transferred tissues is named free flaps.

Since its inception, reconstructive techniques have aimed to restore the integrity,
form and function of the body [3]. Although plastic surgery is the discipline of
medicine that brings together all these techniques, it lacks an anatomical limita-
tion; therefore, its knowledge is widespread according to the diverse body regions
through maxillofacial surgery, ophthalmology, hand surgery, etc. For centuries, it
was intended to limit the potential damage inflicted to patients by narrowing down
the reconstructive options. In this regard, a reconstructive ladder was defined,
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where the primary closure of the wounds, the cure by secondary intention or the
skin grafts were in the lower steps of this ladder and the flaps in the higher [4, 5].
With the improvement in optical tools, it became easier to perform the vascular
anastomoses that allowed free flap transfer and to set up skilled teams. As the
tissue transfers became more dynamic and the microsurgery success rates rose,
the benefits became more and more evident [5]. It was proven that the transfer of
healthy tissues to the hand or head and neck allowed surgeons to achieve faster and
better recoveries in areas of high functional demand, also with much more aestheti-
cally acceptable results and lower morbidity. The same happened to breast surgery,
where reconstructions with a natural shape and adequate volume could be achieved;
the scars were hidden in the distance, and there was no need to use prosthesis. In
lower limb osteomyelitis, free muscle flaps became the alternative to amputation.
In addition, the advent of perforator flaps, mainly due to the contributions of
Song and Koshima [5], thanks to whom it was not necessary to take the underlying
muscle to transfer a fasciocutaneous flap, made it possible to further minimise the
morbidity of these microsurgical interventions. Finally, a revision of the recon-
structive ladder was proposed, the simplicity of the reconstruction would prevail,
but pursuing the best aesthetic and functional results. So, a switch to a reconstruc-
tive elevator was made. In this way, microsurgical reconstructions became the
first-line option for many patients and the technique was extended to a multitude of
centres [5, 6].

2. Basic principles in microsurgery
2.1 Ergonomy

Multiple aspects regarding the environment in the operating room and the posi-
tion are particularly important in microsurgery. It is imperative to have enough field
to allow an easy movement. This aspect, which is less substantial in macro-surgery,
becomes absolutely fundamental in microsurgery. Mention it at the beginning, does
nothing but tries to emphasise its relevance.

A two-team approach is usually chosen in reconstructive microsurgery, one will
raise the flap and the other will set the recipient site where this is going to be trans-
planted [7]. Therefore, all the time spent planning disposition is properly invested.
This is true both for placing the patient in the proper position, and for the surgeon
to adopt a comfortable and durable posture. Since the surgery will be prolonged,
we must meticulously paddle all bony prominences of the patient and the areas at
risk of neurovascular compression. It must be encouraged to take all the necessary
anaesthesia monitoring measures at the beginning, just to avoid emergencies or
interruptions during delicate stages of surgery. It is also sensible to foresee how the
microscope will be arranged in the room.

The comfort of the surgeon is a must when it comes the time to perform the
microvascular anastomosis, primarily regarding the back, scapular and muscular
groups. The sutures used usually size about 75-100 pm and the vessel lumen just a
few millimetres; therefore, any tremor will greatly hinder the precision and success
of the anastomoses. We cannot afford mistakes at any point of the microvascular
anastomosis. The surgeon must be perpendicular disposition to the vessels and
seated in a self-regulating chair that allows a self-sufficient height adjust. He or she
should also be with the feet on a flat surface, the arms supported on a cloth and
the hands on some comfortable place of the field to work only with the intrinsic
muscles of the hand [1].
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Patience is the cornerstone of microsurgery, calm dissection with no external
worries or hurry [8]. For this to be the case, it is essential to be in an easy environ-
ment without any tensions among the team members. Fatigue will appear mainly
at the most complex moments, well in the middle of long interventions. So, if we
do not foresee a comfortable environment with all these details, which may seem
insignificant at first, as soon as the least complication appears, the reconstruction
will be at high risk. In the case of microsurgical reconstructions, comfort is not a
luxury but a must.

2.2 General conditions

After having invested enough time planning the operating room configura-
tion, it is time to choose the vessels in the recipient area, since those of the flap are
already determined and are assumed to be healthy because of their undamaged
origin. It is essential to emphasise that the dissection must be very scrupulous,
some groups advocate applying tension to the tissues around the vessel, without
any direct pulling or forceps grasping on it, as not to generate any intimal traumas
that may cause a thrombotic source [8, 9]. Any injury to the intima of the vessel,
unnoticed or not, will expose the subendothelial collagen of the lumen, leading to a
thrombotic focus. There are situations where it is impossible not to manipulate the
vessel, as it happens in cervical dissections for oncological reasons; in these cases, a
high incidence of thrombosis in the recipient vein has been demonstrated [6].

We must choose healthy vessels, without excessive fibrotic or irradiated tis-
sue around them, this will allow us to perform a clean dissection, achieving a
blood-less field. If blood accumulates in the field, we should spare no expense in
abundantly rinse the area and review haemostasis. Blood has a red light refraction
that deteriorates the sight with usual optical tools and releases procoagulant factors
inducing vascular thrombosis [10, 11]. In limbs with previous surgeries or trauma,
in case of doubt, we must carry out explorations such as angiography or Doppler, to
check the availability of adequate vessels [12-15]. We should recruit as much vessel
length as necessary to prevent any tension in the anastomosis, since the use of vein
grafts, although may be needed, should be avoided due to its higher incidence of
complications.

Before sectioning the donor artery to which we are going to transfer our flap,
we must ensure that it has a good flow, we should ideally evince pulse [8]. Once
sectioned, it will only be valid if we observe the exit of an abundant spurt of
pulsatile blood. On the other hand, the vein that receives the blood from the flap
in the recipient area must have at least the diameter that the vein of the flap has;
otherwise, a bottleneck will form and prevent a good return and a venous conges-
tion may develop in the flap.

Once the vessels in the receiving area are all set, we proceed to review the
haemostasis and the perfusion of our previously dissected flap, then we release and
transfer it [8, 10]. We should section the artery first and then the vein, as to avoid
any congestion. Then we have to adapt the flap in the recipient area, since after
anastomosis the flap will become edematised and its fixation in some deep spaces
will be complex. This fixation is a mandatory prior step in all free flaps but in those
in which the anastomosis lies in a deeper plane. In the head and neck reconstruc-
tion, small and intricate spaces make it advisable to do the fixation at first; but
in breast reconstruction, we can only secure it with a gauze before microvascular
anastomosis [6].

When performing the anastomosis, we prefer to adjust each vessel end in a
simple microvascular clamp, tension-less approximate both ends and perform
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the microvascular anastomosis sparing as much proximal dissection as possible
between the vessels of the flap pedicle and between the ones of the recipient
area. On the other hand, we can place the anastomosis vessels end in a double
microvascular clamp and approximate them [16]. The anastomosis should be
placed on a rubber contrast and this over a wet gauze to avoid pooling and elevate
the anastomosis from the surrounding field, full of thrombogenic debris [10]
(Figures1and 2).

It is characteristic of the lumen of vessels to show a diameter smaller than that
seen before severing them. This phenomenon is known as vasospasm. To mitigate
it, we must perform a mechanical dilatation of the vessel lumen with specific
dilator forceps and with agents such as lidocaine 1-2% or papaverine 3%, the
latter being our preference [8-11]. Another dilatation technique is to abundantly
rinse lumen with heparinised serum (200-300 1U/ml) [11-17]. It is key to remove
the adventitia next to the anastomosis; we usually remove 2-3 mm with cutting
technique, by pulling the adventitia over the lumen of the vessel and making a
section parallel to the light. Aggressive adventitectomies leave the proximity of the
anastamosis lacking vasa vasorum; this can cause ischemia in the vessel wall and,
secondary to this, a failure or a pseudoaneurysm. On the other hand, the adventitia
is highly thrombogenic, its entry with a knot into the lumen can be disastrous [18].
No technique completely removes the adventitia, but the sharp dissection seems
more respectful with the intima [19]. Before carrying out the anastomosis, we
must ensure that there are no intimal lesions in the lumen of the vessel, venous
valves or branches, that may cause turbulence or resistance to flow in the vicinity
of anastomosis [8].

There is debate about which anastomoses to perform first, whether arterial or
venous. If there is no limitation for the position of a vessel deeper than another, as
happens in breast reconstruction where the internal mammary vein usually has a
more medial position, we can choose any one of them [6, 8]. Many groups choose to
start with the arterial anastomosis to minimise isquemia time, taking into account
that they do not usually experience added venous congestion. We usually start
with the venous anastomosis to avoid any congestion within the flap that can cause
a thrombus in its internal circuit. At the time of removing the clamps, once the
anastomosis is completed, it is clearly preferable to remove the venous one first.

Figure 1.

Ggfleml overview of a microvascular anastomosis. Artery microvascular anastomosis is performed in a
blood-less field after vein anastomosis (in a second plane), in a higher position over a rubber medium contvast
and wet gauzes. A protected 5F Redon is usually placed under the anastomosis. Dissection of the vessels in

each side of the anastomosis is limited, only simple vascular clamps are employed; this eases the one-side-up
technique (see below). In this figure, the first two stitches of the triangulation technique are depicted.
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Figure 2.

Examples of the limited pedicle dissection before anastomosis. In the upper picture, we can see a free epigastric
flap for an axillary free lymph node transfer. Marked with a star, we see the donor posterior circumflex
humeral artery; below it, the inferior epigastric artery of the free flap is shown with both veins at each side. In
the lower picture, we see the free flap before the transfer. Marked with a thunder, we see the inferior epigastric
pedicle severed before its entrance in the abdominal rectus muscle; the inferior epigastirc vein is marked with
a heart, it has been cut near its mouth in the circumflex iliac vein and laid prepared for the lymphovenous
anastomosis.

2.3 Team

The use of microsurgical techniques is not limited to reference centres with
a high availability of resources, although their routine use is almost exclusive of
these. This is due to the disposability of a microsurgical team with several surgeons
trained in microvascular anastomosis and free flaps management.

In this kind of surgery, each mistake has its consequences. So, if we perform
these interventions with a very scarce and inexperienced team, these day-long
surgeries can be translated into fatigue, nerve-wrecking and inaccuracies. This
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ultimately will generate failures in the microvascular anastomosis and problems in
the perfusion of the flap. Therefore, having a team that allows pauses and relays,
without stopping the procedure, is a fundamental element. Likewise, this second
fresh team will overcome emergencies (more frequent in the first 48-72 h) or can
replace a tired first team. It seems sensible to have at least four microsurgeons, two
assistants and two experienced scrub nurses [20].

A microsurgical team must function as a unit that critically analyses its results,
seeking rates of failure lower than 5% in free flaps. Errors and the morbidity of the
interventions must be analysed, minimising both. This constant improvement is
hard to achieve if several microsurgeons are not available.

3. Microsurgical tools and instruments
3.1 Tools

Microsurgery results from adapting the visual inaccuracy of our naked eye, to
the fine movements of our hands. Here is where magnification arises. This can be
done by two optical tools: the microscope and the magnifying loupe. In both, good
lighting is essential [21, 22].

Surgical microscopes occupy a large space in the operating room but allow a
magnification of up to 40x with greater illumination. In addition, they have pedals
to control zoom and focus with the feet. Smaller magnification of 6-12x is usually
used for the preparation of the vessels, and then it is increased up to 20x before the
microanastomosis. In addition, the microscope gives us a wide range of field and
provides the same vision to the surgeon and the assistant, enhancing the collabora-
tion between them [21].

On the other hand, loupes are very cost-effective and easily transportable visual
systems. The most common magnification employed in microsurgery is between
2.5x and 4.5x. In skilled hands, microscope has not proved to be superior versus
loupes in achieving high success rates in free tissue transfers [23].

There are two types of magnifying loupes, on the one hand the compound or
Galilean loupes and on the other hand the prismatic. The former consist of two
lenses in line, and offer less weight and cost, although their magnification (2.5x)
and depth of field are lower. The latter use a prism inside to reach a longer path
of light through the lenses, which allows greater magnification and field depth,
although they can be darker, heavier, more expensive and fragile [22].

3.2 Basic microsurgery instruments kit

The microsurgical instruments have evolved from ophthalmology or jewellery
material to extremely specific and precise tools [7]. The basic kit is not made up
of too much surgical material. This material should ideally be antireflective and
cylindrical to allow its sliding from the index to the middle fingers and facilitate
the passage of the needle through the tissues using only the intrinsic musculature.
The size of the material should be about 16 c¢m to facilitate its support in the first
hand commissure. In the case of working in very small fields, as in the case of hand
surgery, smaller material, about 8 cm, with flat surface may be useful. Nowadays
the self-locking material has lost interest, the mere requisite is just to offer little
resistance when grasping to preclude any fatigue of the thenar eminence with
prolonged use [24].

The basic kit consists of two scissors, a needle holder and a jeweller forceps.
One of the scissors should be curved and round tipped, to be useful to dissect.
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Other pair should be straight and pointed to perform the adventitectomy and to cut
sutures. These pointed scissors should not be used for tissue dissection, because of
the possible vessel trauma that they would generate. The jeweller forceps must have
a precise closure, with enough contact between surfaces at the tip, just to handle
fine sutures of 75 or 100 pm.

Other instruments that can also be useful are an aspiration system, an irrigation
system and a bipolar forceps identical to jeweller forceps but protected. Our prefer-
ence is to prepare a fixed suction system in the corner of the field, and to avoid
introducing traditional aspirators directly over the vessels. Usually we fix a 5F Redon
drain in a corner of the field or under the rubber contrast and we keep it connected
to soft aspiration, in such way that it rests distant from the area of the anastomosis
but does not allow pooling. We also avoid the contact of celluloses or cotton gauzes
directly with the lumen of the vessel due to their thrombogenic properties.

For the lumen irrigation, we use a heparin solution with 200-250 IU/ml [11].
Washing the lumen of the vessel directly can hydrodissect the vessel wall, exposing
the subintimal collagen. Therefore, we introduce a blunt-tipped lacrimal cannula
into the lumen of the vessel before anastomosis to perform a gentle wash [17].
Likewise, we usually do an irrigation of the flap through the artery with 20 or 30 ml
of heparin solution, prior to the transfer; this checks the correct flow in the vascular
circuit of the flap.

3.3 Instruments care

This delicate material requires little but precise care. First of all, we should avoid
falls during surgery or washing, as the tips of the material can be damaged. If this
happens, the closure of the material would not be perfect and its functionality
would be noticeably reduced. It is also necessary to avoid the tips of the material to
be oriented towards the sides in the store box, since movements with the box closed
could also damage the tips inadvertently.

The material should preferably be washed by the scrub nurse or the surgeon
himself, who is familiar with it and will be more careful with its handling. A final
wash should be done with distilled water and dried with an air gun to prevent rust
formation.

During surgery, the material must always be clean and moist, so that the sutures
do not adhere to its surface. Dirty material and damaged tips will cause problems
with the suture technique at key moments of the intervention.

3.4 Sutures

The most common sutures elected are the 9-0 on a 100-pm needle and the 10-0
on a 75-pm needle. Because of the ease of knotting and the low tissue reaction, the
most used material in sutures is nylon. Some authors prefer polypropylene due to a
lower tissue reaction, but its knots may be less reliable.

4. Microsurgery techniques

There is no stipulated standard on how to perform a microvascular anastomosis,
the choice of the specific technique is operator-dependent. However, there are
certain issues that we must avoid: a narrowing of the vascular lumen, an irregular
distribution of the diameters of the vessels that would generate folds and irregulari-
ties, an excessive suture material inside the vascular lumen, and above anything else
transmural sutures that bite the posterior wall closing the vascular lumen [24].
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4.1 End-to-end anastomosis

By far, the most frequently employed technique is the end-to-end anastomosis.
Because of its simplicity in less experienced hands, it has one of the lowest failure
rates.

4.1.1 Triangulation

This technique was described by Alexis Carrel in the 1902. His intention was
to separate the posterior wall from the anterior, as he realised about the danger of
transmural stitches. The technique employed three initial sutures, with 120° separa-
tion between each [25]. It was modified with the use of only two initial sutures
at 120° or 150° distance, as the posterior side was then longer and also fell away
(Figure 3). Finally, it was modified again to propose only two initial sutures at 180°.
The rest of the anastomosis will be closed with simple sutures between the initial
points [24, 26].

4.1.2 Continuous

The continuous suture saves time and corrects discrepancies of 2-3 mm in size
between vessels, but it has as an inconvenient: the tobacco bag effect. Some authors
propose to distribute at first the two vascular lumens with some simple stitches.
This technique is not very popular in venous microvascular anastomosis due to its
stenosing tendency [24, 26].

4.1.3 Continuous interrupted

The continuous interrupted technique (also known as open-loop technique) is
our technique of choice. It combines the safety of simple sutures with the comfort
and speed of the continuous ones. It allows to constantly maintain a perfect visuali-
sation of the vascular lumen and at the same time minimises the necessary manoeu-
vres. In this technique, a continuous suture with a spiral of very wide loops is made,

‘,—-—N

Figure 3.

Triangulation technique, after placing tension between the first two stitches, the longer posterior wall of the
anastomosis falls down, precluding transmural stitches.
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then moved towards a lateral. Finally, each one of the loops is sectioned and knit
separately [24] (Figure 4).

4.1.4 One way up

This technique is of first choice when we cannot properly manipulate both the
vessels of the microvascular anastomosis, we cannot manage to rotate it in order to
carry out the suture of the posterior wall. When performing the one-way-up tech-
nique, we begin suturing the posterior side. The needle is introduced from the deep
side of the vessel to the intima of the posterior wall and returns through the intima
in the lumen of the posterior wall of the opposite vessel. The knots are the same
as in simple stitches. After placing three or four stitches in the posterior wall in an
inverted fashion, it is easy to perform the remaining stitches in a conventional way.
It is important to place the posterior wall stitches close enough to prevent any leak-
ages, as revising the posterior wall is bothering. Lastly, the anterior face is sutured.
This technique is one of our preferences as it minimises the incidence of transfixing
sutures [24] (Figure5).

4.2 End-to-side anastomosis

This type of suture is very useful when there is a great discrepancy between
vascular lumens, or when the flow through a vascular axis must be preserved.

: e

Figure 4.
Open-loop technique. Continuous sutuve of the upper face of the vessel, with very loose loops. Afterwards these
loops are divided, and knotted as simple stitches. The posterior wall is depicted sutured first.
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Figures.

One-way-up technique. First four to five stitches are placed in the posterior wall in an inverted fashion. It is
important to leave only a small gap between the two first knots in this posterior wall, in order to avoid leakages
and reviews here. After these first inverted stitches, the vest of them are placed in a conventional simple fashion
as depicted in the figure. This technique avoids twisting and injuring the anastomosis.

Therefore, it is very useful in lower limb reconstructions, when one of the vascular
axes is damaged or we want to preserve the integrity of all [27]. For example, in
head and neck surgery, after a cervical dissection, the high rate of venous throm-
bosis makes it advisable to choose the internal jugular as recipient vein [6]. In view
of the discrepancy between the internal jugular and the vein of any flap, as well as
the pertinence of maintaining the flow through the internal jugular, an end-to-side
anastomosis is frequently chosen.

To perform this end-to-side anastomosis, we must occlude the flow through the
larger vessel that will remain in continuity. Our preference is the use of two rubber
loops with a double pass around the vessel. When tensioning these loops, it seems
that the damage to the walls of the vessel is inferior than with bulldog or baby
Satinsky clamps. Next, by putting traction on the wall of the vessel with a transmu-
ral suture, we elongate the wall and make a section with the straight adventitectomy
scissors or with a scalpel [27]. The diameter of the hole created must not be greater
than the one on the vessel present in the free flap. If possible, the flap is tilted over
the anastomosis to suture the posterior face; otherwise, we will use a one-way-up
suture technique [28].

4.3 Tips and pearls

e Itisimportant to take within each suture a good amount of intima to ade-
quately evert it and expose smooth intima to the vascular lumen, with scarce
subendothelial collagen or suture material.

* The knots should be flat, placed on one side, with the right pressure just to
close the anastomosis, since very tight sutures can cause isquemia and failure.

* In case of working with veins of inconsistent walls, to perform an immersion
technique, using abundant heparinised serum in the field to open the vascular
lumen can be useful.

* We should not allow leaks in the anastomosis; these will cease through the

formation of an intraluminal thrombus, which can ultimately endanger the
entire anastomosis.
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Figure 6.

Patency test with rinsing. A shovt Abbocath cannula is introduced in the microvascular anastomosis in between
the space left by the two late stitches, we pretend to verify an easy dilatation before finishing the suture. The
anastomosis is completed full of heparinised serum, until clamps are released.

* At the end of an anastomosis, we must check its permeability, for example
by means of a patency test. Other possibility is to make a profuse irrigation
through the space left in the microvascular anastomosis before placing the
last two stitches, an inflation and slight dilatation of the anastomosis with the
heparinised serum evinces the vascular patency (Figure 6). The classic patency
test can traumatise the intima.

* The learning of these techniques must begin in a laboratory of experimental
surgery with animal models [29].

* Dilatation of the lumen with specific dilator forceps allows better visualisation
of the interior of the vessel, easily recovering the needle at each stitch.

* Before passing the entire thread through the anastomosis, the former should be
in line with the vessels, and not angulated behind the needle. This precaution
will avoid tears and friction on the vessel wall with the thread passage.

¢ Limit the vessel dissection as much as possible (Figures 1 and 2).

5. Couple devices

Since the onset of microsurgery, a great interest was drawn towards the develop-
ment of suture techniques to perform anastomoses more quickly and automatically,
in order to buffer inaccuracies [28]. For this purpose, devices in the form of two
metal rings that are coupled, known as coupler devices, were developed.

Currently, its use is widespread, mainly for vein anastomoses, although they have
also tested a 100% patency in arterial ones. The vessel is introduced through the ring
and the edges are fixed inside-out in the pins arranged in the ring, then the same is
done with the other vessel and the hinge of the device, that joins both sides, is closed.
The eversion of the edges achieves less exposure of the vascular lumen to foreign
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material and therefore the rate of thrombogenesis is lower. This eversion of the edges
in the case of the arteries is more complex due to the thickness of the vascular wall,
which makes its use in arterial anastomosis not so popular [28, 30]. There are coupler
devices currently available with built-in systems for flap control, such as Doppler.

Despite their many advantages, they present some drawbacks. Although they
have been shown to reduce the time needed to perform the anastomosis, their use
involves some complexity and produces some stenosis. On the other hand, they are
not recommended in areas with a tendency to infection, with poor vascularisation
or to be irradiated.

6. Conclusions

In the search of the best functional and aesthetic results, free tissue transfers have
become the gold standard for many of the issues that arise in reconstructive surgery
[31, 32]. Clear examples of this are the deep inferior epigastric artery perforator flap
in breast reconstruction [7, 8] and the anterolateral thigh flap in head and neck recon-
struction [6]. But the success of these techniques does not only depend on an adequate
vascular suture, but also on a constellation of details that must be taken into account.
These go from the availability of a trained team, to ergonomics, through a scrupulous
cleanliness of the surgical field. All this does nothing but stress the importance of
patience, good planning, attention to details or even the use of microsurgical check-
lists in to prevent any error that, however small, can have catastrophic consequences.
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