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Editorial

Although serotonin (5-hydroxytryptamine, 5-HT) deficiency
involves the neuroendocrine processes in the CNS, a growing body of
evidence suggests that altered levels of 5-HT affects cardiovascular
diseases. The complexity of effects that 5-HT has on the cardiovascular
system is due to a broad tissue distribution of 5-HT receptors, which
includes cardiomyocytes, pulmonary system, and vascular smooth
muscle. Activation of distinct 5-HT receptors enhances the secretion of
renin, the rate- limiting enzyme of the renin-angiotensin-system
(RAS), suggesting that 5-HT may have a role in endothelium function
under pathophysiological conditions. Several classes of drugs alter
micro vascular contraction response to serotonin. Genetic evidence
indicates that serotonin receptors are intimately involved in the control
of cardiovascular homeostasis and complex regulation of cardiac
structure and function. Emerging clinical evidence also suggests that
serotonin reuptake inhibitors may be beneficial in secondary
prevention of cardiovascular events. Additionally, serotonin deficiency
is associated with incident cardiovascular disease, whereas normal
levels of 5-HT tends to exert beneficial cardiovascular protective
effects. Circulatory 5-HT decreases the risk of cardiomyopathy and 5-
HT deficiency may adversely influence the cardiovascular system.
However, it is not known whether correction of serotonin deficiency
could contribute to the prevention of cardiovascular disease. More
detailed insights are needed into the complex mechanisms of 5-HT in
pathophysiologic mechanisms, such as inflammation, autonomic
nervous system dysfunction, cardiac arrhythmias, renal dysfunction,
and altered platelet function.

Introduction

Serotoninergic system (an amine system) is of importance both in
sensory input and in behavioral output. The significance of serotonin-
platelet, serotonin-endothelium, and serotonin-smooth muscle
interactions as part of both coagulation and cardiovascular processes
has been recognized for over a decade [1]. Thus, the serotonergic
system’s activity cannot be entirely ignored in the cardiovascular
system, as previously suggested [2].

Whereas the mechanistic complexity of serotonin receptor functions
varies considerably from receptor class to receptor class, it appears the
underlying principles that dictate the cross-talk among the
cardiovascular, endocrine (i.e., enteric) and nervous systems are the
same. As such, several research directions are evident where the
serotonergic system may likely be involved in either the beneficial or
adverse effects of investigational new drugs (IND). Consequently, the

mechanism of activation of the peripheral serotonin receptors in the
cardiovascular system is a subject of considerable interest. To
appreciate many of the mechanistic issues related to the serotonergic
system and understand the significance of revisiting this system in
relation to the cardiovascular system, it is useful to briefly elucidate
cardiovascular effects of the serotonin receptors (Figure 1).
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Figure 1: Putative physiological relevance of serotonin receptors in
cardiovascular system. 5-HT: 5-hydroxtryptamine

The serotonergic system is composed of seven tissue nonspecific
serotonin (5-hydroxytryptamine (5-HT)) receptor classes, denoted as
5-HT; through 5-HT;, of which 5-HT,, 5-HT,, 5-HT,, and 5-HT;
have established cardiovascular involvement [3,4]. The serotonin
receptor classes are further divided into subtypes based on differences
in molecular structure, messenger coupling pathways and
pharmacological responses, with 27 currently defined subtypes [3]. Of
these seven classes all are G-protein-coupled receptors (GPCRs), with
the exception of 5-HT; which is a ligand-gated cation-selective
channel. The six serotonin GPCRs are characterized by the type of G-
proteins they predominantly couple to when inducing signal
transduction. Canonical G-protein signaling pathways can be used to
broadly categorize the serotonin receptor classes, specifically: 5-HT)
and 5-HTs primarily couple Gay, 5-HT, primarily couple Gay1;, and
5-HTy, 5-HT¢, and 5-HT; primarily couple Ga [5-8].

The 5-HT] class is divided into five receptor subtypes consisting of
5-HT\ s, 5-HT1g, 5-HTp, 5- HT g, 5-HT1g. Subtype 5-HT)¢ was re-
assigned as the 5-HT2C subtype following observed predominate
Gagy11 functional coupling [7]. The 5-HT)| class prominently couples to
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Goy-proteins and generally inhibits adenylyl cyclase resulting in
decreased conversion of ATP to cyclic AMP (cAMP) [9].

5-HT, couples to a broad range of secondary messengers (for
overview and primary literature refer to Nichols and Nichols 2008) [8]
and likely has diverse physiological roles. It is also, perhaps, the most
extensively disseminated 5-HT receptor, with localization throughout
the myenteric plexus, gastrointestinal tract, and central nervous system
(CNS). There is currently no compelling evidence for 5- HT 4 receptor
localization in either the blood vessels or the heart tissue [10].
However, there is continuing research towards the clinical
enhancement of selective serotonin reuptake inhibitors (SSRIs) by co-
administration of 5-HT) 4 antagonists [11,12].

5-HT;p receptors are widely distributed throughout both the
cardiovascular system as well as the CNS. In the cardiovascular system
5-HTp receptors have been found localized in both endothelial cells
and smooth muscle cells in both coronary arteries and pulmonary
arteries (Figure 1) [7,11]. Additionally there is a prevalence of 5-HTp
receptors in cerebral arteries which have been implicated in migraine
pathogenesis and studied for therapeutic targeting by clinical 5-HT;p
agonists such as triptans [13].

5-HT,p receptors share approximately a 63% structural homology
with 5-HTg, but have a much lower expression and tissue distribution,
being predominately located in the neural tissues [11]. Due to this low
expression/dissemination the clinical significance is poorly
understood. However, because of the high binding site similarities
between 5-HTp and 5-HT,p receptors there is often ligand-binding
cross- affinity between the two receptors [9]. In particular, there is
interest in the development 5-HT)p specific agonists as use of many
triptans in treatment of migraines target both 5-HTp and 5-HTp
receptors, with the potential for 5-HT;p-induced carotid
vasoconstrictive side-effects which limits the utility of triptans in
patients at risk for cerebrovascular or coronary disease (Figure 1)
[14-16].

The final 5-HT receptor subtype is 5-HTg, which shares a high
degree of homology (approximately 70%) with the 5-HT1E subtype,
has been found expressed in several areas of the brain and in coronary
arteries [11,17,18]. Several studies have indicated that 5-HT)p. selective
agonists are limited, or even devoid of, vasoconstrictor properties and
may possess utility as clinical therapeutics for the treatment of
migraines with reduced vasoconstrictive liabilities [17,19].
Correspondingly, the clinically relevant 5-HT g subtype-selective
agonist LY334370 has been shown to be therapeutically effective while
devoid of the negative coronary vasoconstriction observed in many 5-
HT,p agonists [9].

5-HT, class receptors have received the greatest attention due to
their involvement in control of blood pressure and thrombocyte
aggregation [20]. This class of receptor is also subdivided. 5-HT,,
receptors are widely distributed throughout the central and peripheral
tissues. This receptor subtype plays a central role in cognitive
processes; however, it also has roles in cardiovascular processes [9]. 5-
HT),4 is expressed in both coronary and pulmonary arteries, mediating
smooth muscle contraction and is involved in platelet aggregation
[10,21]. 5-HT,, antagonists have been shown to lower blood pressure
and this subtype is being targeted for the development of clinically
efficacious anti-hypertensive agents with reduced adrenergic side-
effects [22].

5-HT,p receptors have been observed to be expressed in high levels
in liver, kidney, and throughout the CNS [7,23]. However, it is the

expression of 5-HT,p in heart valves that largely defines the clinical
importance of this subtype [24,25]. The significance of this subtype was
discovered in the early 1990’ following a surge in patients exhibiting
abnormal echocardiograms and cardiac valvulopathies, this was
eventually correlated to off-target effects of fenfluramine at the 5-HTp
receptors (Figure 1) [7]. Since then, the established negative
cardiovascular effects exerted through this subtype, including cardiac
hypertrophy and pulmonary hypertension, in addition to
valvulopathies, have made this an important receptor at which to avoid
pharmaceutical interactions with [24,25].

The 5-HT}, class has at least eight different isoforms that have been
detected, 5—HT4A, 5-HT4B, 5- HT4c, 5—HT4D, 5-HT4E, 5-HT4F, 5-
HTys, and 5-HT,y. However, due to the high level of homology
between these splice variants any physiological differences remain
unknown as they possess similar pharmacological responses [26].
Furthermore 5-HT, is another example of the G-protein coupling
promiscuity observed with the serotonin receptors as 5-HT, has also
been observed to couple Ga;/O-proteins in addition to the expected
Gas-proteins [26]. 5-HT, receptors have been found localized in both
the CNS and peripheral tissues [27]. However, the cardiovascular
relevance of this receptor class is clear as it is expressed in all four
chambers of the heart and has been shown to have involvement with
the induction of arrhythmias [22,28].

The final serotonin class is 5-HT5, of which three isoforms have
been identified in humans: 5-HT;4, 5-HT7p, and 5-HT,;p [29,30].
However, due to the high level of homology between these splice
variants the physiological significance of these different subtypes
remains unknown as they possess similar pharmacological responses
due to the lack of subtype selective agonistic ligands. 5-HT; receptors
have been found expressed in CNS and cardiovascular tissues, in
particular vascular smooth muscles and coronary arteries [31]. This
cardiovascular presence has led to the idea that this receptor class may
be a putative target for the treatment of migraines [32,33].

Much remains to be discovered before a complete picture of the
physiological roles of the serotonergic system are elucidated. However,
it is now appreciated that the serotonin receptors play significant
physiological and pathophysiological roles in the tissue within the
cardiovascular system [34]. Acute exposure to serotonin is associated
with tachycardia and increased atrial contractility, whereas chronic
exposure to serotonin can contribute to pulmonary hypertension via 5-
HT,p and proliferative 5- HT,p receptors [10]. Activation of 5-HT,
receptors increases heart rate in humans [1]. Evidence indicates that
hyperactive platelet 5-HT,, receptors and mutated 5-HT,p receptors
contribute to increased risk of thromboembolic events in patients with
cardiovascular disease and cardiomyopathy respectively [35,36].
Tryptophan hydroxylase knockout mice display a dilated
cardiomyopathy [37], highlighting reduced serotonin as a potential
risk of developing heart disease. In addition, downregulation of
serotonin transporter receptors in the periphery is implicated in
increased risk of thromboembolic event among patients with
cardiovascular disease [36]. Recent evidence suggests that there is
cross-talk between beta-adrenergic and serotoninergic receptor
pathways in the femoral artery [38]. The transient beta-adrenergic-
serotoninergic  receptor  interaction and  serotonin-induced
transforming growth factor beta 1 (TGF-P1) activity [39] are clearly
relevant to tissues within the cardiovascular system in clinical situation
and require further study in this regard.

The implication in these observations on the serotonergic system is
that serotonin has a vital effect on various tissues within the
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cardiovascular system. Serotonin subtypes and serotonin transporter
are diffusely distributed throughout the cardiovascular system. Subtle
changes in the serotonergic system due to the presence of
pharmacological agents may have pronounced physiological effects
[40]. In vivo studies have shown pharmacological agents acting on
serotonin-mediated pathways have resulted in numerous significant
cardiovascular adverse effects. Select serotonin reuptake inhibitors
influence both bleeding time and shear-induced platelet aggregation
and thrombus propagation [41,42]. It has been proposed that an
imbalance between serotonin interaction with serotonin receptors and
the serotonin transporter may lead to the pathogenesis of the cardiac
effects of serotonin [43]. Therefore, it is important to assess the effects
of investigational new drugs against the cardiovascular relevant
components of the serotonergic system during drug discovery and
development so that the resulting clinical profile can be optimized
early in the process.

The components of the serotonergic system represent an intricately
regulated system that affect a variety of biological and behavioral
functions. This system has been found to be influenced by a diverse
array of compounds and pharmacological agents. The pattern that
emerges from the studies of pharmacological agents that serve as
stimulants, appetite suppressants, antidepressants and others, however,
is that many of these compounds have surprisingly inherent
serotonergic-modulatory capacity [44-48]. Perhaps even more
important is the fact that these structurally diverse compounds can
directly affect distinct tissues within the cardiovascular system. This
should encourage health care providers, scientists and researchers
involved in the development of new drugs to evaluate the effect of
investigational new drugs on the serotonergic system. The task ahead is
three-fold: 1) Re-evaluation of the clinical utility index of emerging
drugs: 2) Development of effective high-throughput screening assays
designed to identify molecules that may influence the serotonergic
system: 3) Preclinical investigations into optimizing the selectivity of
emerging compounds while minimizing, or eliminating, their potential
interactions with peripheral serotonergic systems. These objectives are
critical because they may provide a methodology to minimize, or
avoid, adverse effects of investigational new drugs so often observed
during Phase I clinical trials.
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