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Abstract

- Christoph Bode'? - Daniel Duerschmied'-

Cardiovascular diseases and depression are significant health burdens and increasing evidence suggests a causal relation-
ship between them. The incidence of depression among patients suffering from cardiovascular disease is markedly elevated,
and depression itself is an established cardiovascular risk factor. Serotonin 5-hydroxytryptamin (5-HT), a biogenic amine
acting as a neurotransmitter and a peripheral hormone, is involved in the pathogenesis of both, cardiovascular disease and
depression. Novel cardiovascular functions of 5-HT have recently been described and will be summarized in this review.
5-HT has a broad spectrum of functions in the cardiovascular system, yet the clinical or experimental data are partly con-
flicting. There is further research needed to characterize the clinical effects of 5-HT in particular tissues to enable targeted

pharmacological therapies.
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Highlights

e Depression and cardiovascular diseases are significant
health burdens.

e Serotonin, acting as a neurotransmitter and a biogenic
amine is involved in the pathogenesis of depression and
cardiovascular disease.

¢ Novel cardiovascular functions of serotonin have recently
been described.

e This review focuses on the role of serotonin in athero-
sclerosis, myocardial infarction, heart failure, thrombosis
and arterial hypertension.
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Serotonin

Serotonin 5-hydroxytryptamin (5-HT) was discovered more
than 70 years ago and first described as a vasoconstrictor [1].
Since then, multiple functions of 5-HT emerged, all con-
ducted via signaling through one of the so far 15 known dis-
tinct 5-HT receptors [2, 3] or by covalent binding to differ-
ent effector proteins, named “serotonylation” [4]. In regard
of cardiovascular diseases, the receptor subtypes 5-HT1B,
5-HT2A, 5-HT2B, 5-HT4 and 5-HT7 are of particular inter-
est. 5-HT1B, 5-HT2A, 5-HT2B and 5-HT7 are expressed on
smooth muscle and endothelial cells of arteries and veins,
regulating vascular tone. 5-HT2A is additionally located on
platelets and involved in activation and aggregation, and it
can also be found on cardiomyocytes and fibroblasts. 5-HT4,
expressed in cardiac atria and ventricle conducts positive
inotropic and lusitropic effects but may also trigger arrhyth-
mias (reviewed in [5]).

Serotonin synthesis

5-HT is derived from the essential amino acid I-tryptophan
[6]. The biosynthesis of 5-HT is regulated by two isoforms
of the enzyme tryptophanhydroxylase (Tph), Tph1 and Tph2
[7]. Tph2 is expressed in the brain stem, where it regulates
5-HT synthesis in the central nervous system [8]. The effects
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mediated by central 5-HT are very complex: It is involved
in the regulation of mood [9], appetite [9], circadian rhythm
[10] and sexual drive. Disturbances in this system appear to
be closely linked to psychiatric diseases like depressive or
anxiety disorders [11].

However, the vast majority of 5-HT can be found in the
peripheral system [12]. Peripheral 5-HT is synthesized by
enterochromaffine cells in the gut by tryptophan hydroxylase
I and released into blood plasma [13]. Most of the circulat-
ing 5-HT is taken up by platelets via the 5-HT transporter
SERT [14]. Platelets, as the main circulating reservoir of
5-HT, store it in their dense granules in high concentrations
and release it upon activation [4]. As platelets are not able
to synthesize 5-HT, chronic intake of selective serotonin
reuptake inhibitors (SSRIs) and therefore long-term block-
age of SERT results in a depletion of platelet 5-HT storage
[15] (Fig. 1).
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Fig. 1 Enterochromaffine cells (EC-cells) in the gut express Tphl
and synthesize the majority of peripheral serotonin (5-HT). EC-cells
release 5-HT into the blood plasma, where it is taken up by platelets
(blue rectangles) via SERT. Platelets, as the main circulating reser-
voir, store 5-HT in their dense granules. Upon activation, platelet
dense granules release 5-HT. 5-HT can amplify the release of dense
granules via activation of the 5-HT2A receptor

In peripheral tissues, 5-HT is involved in a broad vari-
ety of functions including regulation of vascular tone [16],
gut motility [17], hemostasis [18], and immune responses
[19-21]. Due to the above described broad distribution of
receptors in the cardiovascular system, 5-HT plays a major
role in a variety of cardiovascular diseases and elevated
5-HT concentrations have been described in e.g. arterial
hypertension [22], carotid atherosclerosis [23] or coronary
artery disease [24, 25].

Serotonin in hemostasis and thrombosis

Platelets play a major role in hemostasis and thrombus
formation. 5-HT influences platelet activation and aggre-
gation by enhancing multiple pathways of primary hemo-
stasis: Primary hemostasis is induced by circulating von
Willebrand-Factor (vWF) binding to exposed collagen at
sites of vascular endothelial damage. Platelets are able to
adhere on vWF via glycoprotein (GP) Ipa expressed on their
surface [26]. This stable binding allows the interaction of
collagen with GP IIb/IIla on platelets, leading to platelet
activation [27]. Upon activation, a number of intracellular
signaling mechanisms, mostly G-protein-dependent, lead
to an exocytosis of dense granules. These release a broad
variety of molecules, such as ADP, ATP, Ca”* and 5-HT.
As platelets themselves express corresponding recep-
tors for these released substances including 5-HT recep-
tor 2A and 3, dense granule secretion leads to a feedback
loop enhancing platelet aggregation and activation at the
site of vascular damage (reviewed in [28]). Additionally,
serotonin is taken up in the cytoplasm and transamidated
to small GTPases by transglutaminases during activation
and aggregation of platelets, a process called serotonylation
[29]. This triggers the further release of dense granules [29].
Another mechanism how 5-HT influences platelet activation
and aggregation is by altering N-glycan expression on the
platelet surface [30]. When the serotonin transporter is lack-
ing, an agonist-induced Ca®* influx through store operated
Ca2 +entry (SOCE), integrin activation, degranulation and
aggregation responses to glycoprotein VI and C-type lectin
like receptor 2 (CLEC-2) is reduced in platelets [31].

The importance of 5-HT in the process of platelet activa-
tion and aggregation was shown in animal models: 5-HT
infused mice suffer from enhanced platelet aggregation [30,
32, 33]. This can be normalized by the intake of SSRI [30,
32] or a 5-HT2a receptor antagonist [30, 33]. Tphl deficient
mice with low peripheral 5-HT levels exhibit a mildly pro-
longed bleeding time due to an impaired release of dense
granules. This results in a reduced risk of arterial throm-
bosis and experimental venous thromboembolism [29]. In
an in vivo dog model of spontaneous occlusive coronary
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thrombus formation, increased plasma serotonin levels could
be measured during thrombus formation [34]. This could be
reproduced in a model of carotid artery thrombosis in rats,
where a 15 fold increase of 5-HT was measured [35].

In humans, SERT-levels are associated with venous
thrombosis [36] and in patients suffering from carcinoid
syndrome, elevated 5-HT levels are associated with a hyper-
coagulable status [28]. Epidemiologic data suggests a role
of SHT or SHT-reuptake inhibitors in the development of
venous thrombosis. Patients with depression were reported
to have higher incidences of venous thromboembolism in
general and the use of tricyclic antidepressants, selective
serotonin reuptake inhibitors and other antidepressants were
each associated with an increased VTE risk [37] The mech-
anisms behind the role of serotonin in venous thrombosis
have not been addressed so far.

Serotonin in atherosclerosis

Clinical studies on cardiovascular effects of depletion of
platelet 5-HT by intake of SSRIs are inconclusive. On the
one hand, some did not find any increase or even an amelio-
rated cardiovascular risk [38—41], whereas others reported a
worse cardiovascular risk profile after SSRI intake [42-44].

Blockage of the 5S-HT2A receptor by the antagonist
sarpogrelate retards the progression of atherosclerosis in
a rabbit model by upregulation of eNOS and presumably
antiproliferative effects on smooth muscle cells and mac-
rophages [45]. Consistent with these findings, sarpogrelate
has a therapeutic effect an patients with atherosclerosis oblit-
erans [46] and critical limb ischemia [47]. In a collective
of diabetic patients, sarpogrelate decreased coronary artery
plaque volume [48].

Consistent with that, animal studies showed that chronic
intake of Fluoxetine enhances atherosclerosis by promoting
myeloid binding capacity and increasing leukocyte-endothe-
lial interactions [49].

The role of serotonin in myocardial
infarction

Depletion of platelet serotonin storages by long-term
administration of serotonin reuptake inhibitors reduces the
risk of MI [50-52]. Consistent with that, a previous study
revealed that possessing the LL genotype of SERT result-
ing in a higher expression and activity of SERT leads to a
significantly increased risk for MI [53]. Moreover, seroto-
nin levels are associated with coronary artery disease and
occurrence of cardiac events [24]. Mechanistically, serotonin
is thought to promote these adverse effects by enhancing
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platelet aggregation and vasoconstriction of diseased coro-
nary arteries (reviewed in [54]).

Myocardial infarction leads to platelet activation, subse-
quently resulting in a further release of 5-HT from platelets,
which in turn worsens myocardial ischemia and promotes
reperfusion injury [55]. Recently, our group showed that
the 5-HT-mediated aggravation of reperfusion injury is due
to enhanced neutrophil degranulation leading to enhanced
inflammation in the infarct area [15].

Animal studies on pharmacological blockage of 5-HT or
its receptors led to conflicting results, mainly due to a broad
variety in experimental setups, animal models and serotonin
receptor antagonists used. The 5-HT?2 receptor antagonist
LY53857 did not influence infarct size in a canine model of
myocardial infarction [56]. Contrary to these in vivo results,
it was reported that LY53857 increased reperfusion injury
ex vivo [57], whereas it was reduced by several other 5-HT2
receptor antagonists [58]. The combined Ca2 +and 5-HT2
receptor antagonist neopamil reduced infarction size in pigs
[59] and the 5-HT2A receptor antagonist sarpogrelate did
the same in rabbits by inhibiting 5-HT release [55].

Serotonin in heart failure

The 5-HT4 receptor is expressed in atria and ventricles at a
very low level under physiologic conditions. In heart fail-
ure, the expression of 5-HT4 is markedly upregulated, and
stimulation of 5-HT4 receptor increases myocardial contrac-
tility and relaxation [60]. Overall, the mechanisms of action
resembles that from beta-adrenoceptors through a pathway
involving cAMP and PKA-mediated phosphorylation of
proteins of Ca’* handling, resulting in enhanced contrac-
tility through increased Ca®" availability [61, 62]. But as
the increased contractility via cAMP is energy-intensive, a
blockage of this pathway e.g. by beta-adrenoceptor antago-
nists is beneficial in heart failure patients. It was thought
that a blockageof 5-HT4 could be beneficial in the same way
[61]. Yet treatment of heart failure in rats with the 5-HT4
antagonist piboserid resulted in only small beneficial effects
[63] and human studies were disappointing due to a high
number of adverse events [64].

Serotonin and hypertension

Elevated 5-HT levels have been reported for patients with
arterial hypertension [65, 66] and these have an altered
platelet surface profile [67].

Peripheral administration of 5-HT leads to a triphasic
response of blood pressure: Due to the stimulation of 5-HT3
receptors on vagal afferents, initially a short vasodepres-
sive phase occurs. Then, activation of 5-HT2A receptors
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leads to a vasopressive phase and finally, the activation of
5-HT7 receptors on smooth vascular muscle cells leads to
another vasodepression [28]. Central administration of 5-HT
can cause hypertension via activation of 5-HT2 receptors
or hypotension by stimulation of 5-HT1A receptors. The
antihypertensive drug Urapidil acts via antagonism on cen-
tral adrenoceptors but also via agonism on central 5-HT1A
receptors [28].

Concluding remarks

5-HT has a broad spectrum of functions in the cardiovascu-
lar system, yet the clinical or experimental data are partly
conflicting. There is further research needed to characterize
the clinical effects of 5-HT in particular tissues to enable
targeted pharmacological therapies.
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