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Abstract 

 

Aim: Human coronary artery smooth muscle cell  (HCASMC) plays an important role in 

the pathogenesis of coronary atherosclerosis and coronary artery diseases (CAD). 

Serotonin is a mediator known to produce vascular smooth muscle cell (VSMC) 

mitogenesis and contribute to coronary atherosclerosis. We hypothesize that the human 

coronary artery smooth muscle cell possesses certain vital elements of the serotonergic 

system, viz. tryptophan hydroxylase and serotonin transporter, which play a critical role 

in the synthesis and VSMC-mitogenic action of serotonin, respectively. Our aim was to 

demonstrate the presence of functional tryptophan hydroxylase 1 and serotonin 

transporter in HCASMC. 

 

Methods: HCASMCs from passages 3 -6 were used for the experiments. The messenger 

ribonucleic acid (mRNA) transcripts and protein expression of tryptophan hydroxylase1 

(TPH1) and serotonin transporter (SERT) were examined by real-time PCR (Real time 

polymerase chain reaction) and western blot analysis, respectively. The specificity and 

accuracy of the primers was verified using DNA (Deoxyribonucleic acid) gel 

electrophoresis and sequencing of real-time PCR products. The functionality of SERT 

was examined using a fluorescence dye based serotonin transporter assay and the 

enzymatic activity of TPH was demonstrated using Ultra Performance Liquid 

Chromatography (UPLC).  

Results: mRNA transcripts and protein of both SERT and TPH are expressed in 

HCASMCs. The real-time PCR showed a single melt curve peak for both transcripts, and 
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the amplicons when sequenced aligned with the respective genes.  The Western blots 

revealed distinct bands for SERT and TPH at 70 KDa and 50 KDa, respectively. 

Serotonin transporter activity was present in HCASMCs. UPLC of the HCASMC lysate, 

to which the substrates and catalysts for the TPH enzyme had been provided, revealed the 

presence of 5-hydroxy tryptophan.  

 

Conclusion: Both tryptophan hydroxylase and serotonin transporter are expressed in 

HCASMCs. The expressed proteins are functional. These findings are novel and an initial 

step in examining the clinical relevance of the serotonergic system in HCASMC and its 

role in the pathogenesis of coronary atherosclerosis and CAD
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 Introduction 

 
Serotonin is also known as: 5-hydroxytryptamine, 3-(2-Aminoethyl)-1H-indol-5-ol 

(IUPAC Name), enteramine, antemovis, serotonine, thrombocytin, thrombotonin, 

antemoqua, and 5HT[1-3]. It has a molecular formula of C10H12N2O, and molar mass of 

176.2 g/mol[1, 2]. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: 2D & 3D model of 5-hydroxytryptamine[3]  

 
Serotonin’s IUPAC name is 5-Hydroxytryptamine or  3-(2-aminoethyl)-1H-indol-5-ol. The molecular 
formula for serotonin, also known as 5-hydroxytryptamine or 5HT for short, is C10H12N2O. It has an amino 
group separated from its aromatic nucleus by two aliphatic carbon chains. Its 2D and 3D structures are 
illustrated in figure1. 
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Serotonin or 5-hydroxytryptamine (5HT), is an indoleamine with an amino group 

separated from an aromatic nucleus by a two carbon aliphatic chain[3]. It is derived from 

the essential amino acid L-tryptophan. Serotonin is ubiquitously found in nature, both in 

the flora and fauna. In biologic systems it is synthesized from the essential amino acid 

tryptophan[4]. The indole ring of the amino acid is hydroxylated followed by the 

decarboxylation of the amino acid to form 5 HT[3, 4]. The 2D and 3D structure of 

serotonin is illustrated in figure 1. 

The discovery of Serotonin 
 

In the 1930’s, Dr. Erspamer, a scientist at the University of Pavia in Italy, came across an 

acetone extract of enterochromaffin cells from gastrointestinal mucosa, which caused 

smooth muscle contraction, especially of the rat uterus[3, 5-15]. He characterized it to be 

an indole and named it ‘enteramine’. In the following years Dr. Erspamer and his group 

published several papers on enteramine, until 1952, when it was established that their 

compound was similar to a substance named serotonin identified and characterized by 

Maurice Rapport, Arda Green, and Irvine Page, which caused vasoconstriction[3, 7-15]. 

They coined the name serotonin as it was produced in the serum (“ser”), and constricted 

or increased the vascular tone (“tonin”) of blood vessels. Rapport later proposed that 

serotonin was 5-hydroxytryptamine (5HT)[3, 12-15]. This information was later 

confirmed by the work of Hamlin and Fischer at Abbott Laboratories, who where the first 

to synthesize serotonin [3, 12-15]. Dr. Woolley of The Rockefeller Institute was the one 

who hypothesized that serotonin was analogous in structure and function to a newly 

invented compound, named LSD (lysergic acid diethylamide), and that it functioned as a 

neurotransmitter [16-23, 3624, 25].
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Synthesis and metabolism of 5HT 
 

  

 

 

 

 

 

 

 

 

Figure 2: Serotonergic system in the neuronal synapse.  

 
Serotonin is synthesized from tryptophan, through the action of the enzymes, tryptophan hydroxylase and 
aromatic amino acid decarboxylase. It is then stored and concentrated in synaptic vesicles by vesicular 
monoamine transporter. Serotonin is released on membrane depolarization by the presynaptic neurons by 
exocytosis. The serotonin in the synaptic cleft can either attach to the serotonin receptors in the post 
synaptic membrane or can be transported back into the presynaptic neuron‘s cytosol by the serotonin 
transporter. Internalized serotonin is metabolized to 5hydroxyindole acetic acid, by monoamine oxidase A.  
(5HT/ 5-hydroxy tryptamine, 5HTR - serotonin receptors, 5HIAA - 5hydroxyindole acetic acid -, AADC - 
aromatic amino acid decarboxylase, MAO-A, monoamine oxidase A, SERT - serotonin transporter, TPH - 
tryptophan hydroxylase, VMAT - vesicular monoamine transporter)  
 

 

5HT is synthesized from the essential amino acid L-tryptophan as illustrated in the figure 

2. It is derived from foods that have a high L- tryptophan content, including egg whites, 

cod, chocolate, dairy products (yogurt, cheeses, milk), several meats, and nuts[1, 2, 4, 26-
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33]. Neutral amino acid transporter in intestinal epithelial cells and aromatic amino acid 

transporter TAT1 in the intestinal epithelial basolateral membrane absorb the consumed 

tryptophan[1-4, 26-33]. In the tissue the fate of tryptophan depends on the comparative 

activities of the enzymes indoleamine 2,3 dioxygenase (IDO)/tryptophan 2, 3 

dioxygenase and tryptophan hydroxylase (TPH)[1-4, 26-44]. There are two isoforms of 

TPH. TPH1 (encoded by the TPH1 gene: 11p15.3-p14) is mostly expressed in the 

periphery (skin, gut, pineal gland) but it can also be found in the central nervous 

system[34-44]. TPH2 (encoded by the TPH2 gene: 12q21.1) is exclusively expressed in 

neurons and is the predominant isoform of TPH found in the brain stem,[34-44] splice 

variants of TPH2 have also been observed[1, 27-33]. 

IDO/ TDO (indoleamine 2,3-dioxygenase / tryptophan 2,3-dioxygenase) catalyzes the 

conversion of more than 90% of the consumed L-tryptophan to kynurenine, while 5 to 

10% of the tryptophan is shuttled through the TPH/5HT pathway[1, 27-33]. TPH is the 

rate-limiting enzyme involved in the TPH/5HT pathway[34-44]. TPH catalyzes the 

addition of a hydroxyl group onto the 5-position of the indole ring, forming 5-hydroxy 

tryptophan[1, 27-44]. TPH belongs to the superfamily of aromatic amino acid 

hydroxylases (AAAH) that includes tyrosine hydroxylase and phenylalanine hydroxylase 

(PAH)[34-44]. AAAH are non-heme iron (Fe2+) and tetrahydrobiopterin-dependent 

mono-oxygenases; the members of this enzyme family are analogous in structure and 

catalytic mechanism[1, 27-33].  

TPH is a homotetramer with three distinct structural domains[34-44]. The N-terminal 

domain is responsible for the regulatory properties. There is a catalytic domain of about 

280 amino acids near the C-terminus that contains all of the residues required for 

catalysis, and substrate specificity[34-44]. The enzyme activity of TPH is regulated by 
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transcription and post-translational modifications[30, 34-78]. TPH can be activated by, 

protein kinase A (PKA) mediated, phosphorylation of a serine residue within the 

regulatory domain of the enzyme[30, 34-78]. Glucocorticoids affect the expression of the 

TPH gene and hence the enzyme activity[30, 34-78]. Brain tryptophan hydroxylase is not 

generally saturated with the substrate; consequently, the concentration of tryptophan in 

the brain influences the synthesis of 5HT[34-44]. 

Once 5-hydroxy tryptophan (5HTP) is formed, AADC (aromatic amino acid 

decarboxylase), which is ubiquitous and has broad substrate specificity, coverts it into 5-

hydroxy tryptamine (5HT)[1, 2, 27, 28, 79-88]. 5HT, is the concentrated in secretory 

granules by a vesicular monoamine transporter (VMAT2); then the vesicular 5HT is 

released by exocytosis from serotonergic neurons[1, 2, 27, 28, 89, 90]. Oxidative 

deamination by monoamine oxidase (MAO-A & MAO-B) is the principal route of 5HT 

metabolism[1, 2, 27, 28, 91]. The aldehyde intermediate thus formed is then converted to 

5- hydroxyindole acetic acid (5-HIAA) by aldehyde dehydrogenase[1, 2, 27, 28].  

Reduction of the acetaldehyde to an alcohol, 5-hydroxytryptophol, is not a significant 

pathway of 5HT metabolism[1, 2, 27, 28, 92-96]. The metabolite 5-HIAA derived from 

brain and peripheral 5HT catabolism is excreted in the urine along with small amounts of 

5-hydroxytryptophol sulfate or its glucuronide conjugates[92-96]. 

 

TPH catalyzes the rate-limiting step in the synthesis of system; its expression is crucial 

for the activity of the serotonergic system[97-99]. Other enzymes involved in the 

metabolism of serotonin such as AADC are widely distributed[84, 100, 101]. MAO-A 

catalyzes the main pathway involved in the catabolism of serotonin within the cell and 

similar to AADC is widely distributed in human tissue[102, 103].
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5HT receptors 
 

 

 

Figure 3: G-protein coupled serotonin receptor 

 
An illustration of a membrane bound G-protein coupled serotonin receptor.  All of the 5HT receptor 
(5HTR) families are G-protein coupled receptors (GPCR), except for 5HTR3. 5HTRs belong to the class A 
group of the GPCR super family.  The 5HT GPCR protein possesses seven transmembrane α-helices, which 
are connected by three intracellular and three extracellular loops. The cytosolic carboxy terminus is 
intracellular, while the amino terminus is extracellular. The cytosolic aspect of the GPCR is attached to the 
heterotrimeric G proteins, viz. Gα and the tightly associated Gβγ subunits (denoted as α, β, and γ in the 
figure).  
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5 HT exerts both its CNS and non-CNS actions through seven distinct families of 5HT 

receptors (5HTR) 1–7. To date, 15 types of 5HT receptors have been described [30, 31, 

104-110]. All 5HT receptors belong to the G-protein-coupled receptor (GPCR) 

superfamily, except for 5HTR3, which is a ligand-gated ion channel. Figure 3 illustrates 

the structure of a 5HTR belonging to the GPCR superfamily. The 5HT3 receptor belongs 

to the nicotinic/ GABAA (gamma-aminobutyric acid) family of Na+/ K+ channel 

proteins[104-110].  

The structure of the 5HT GPCR consists of 7-transmembrane domains, 3 intra cellular, 

and 3 extracellular loops. The heterotrimeric G proteins Gα, Gβγ are attached to the 

intracellular aspect of the receptor. The GPCR-type serotonin receptors and a large 

number of other monoamine neurotransmitter receptors are classified as Class A, 

rhodopsin-like receptors[104-110]. The structure of the serotonin GPCR is illustrated in 

figure 3. 

 

5HT1 receptors: The 5HT1-receptor family has five subtypes; these receptors are 

preferentially coupled to Gi/o and inhibit adenylyl cyclase, thereby decreasing cAMP 

formation. 5HT1A, 5HT1B, and 5HT1D receptors activate a receptor-operated K+ channel 

and inhibit a voltage-gated Ca2+ channel [1, 2, 30, 31, 105, 107, 109]. This is a common 

property of receptors coupled to the pertussis toxin–sensitive Gi/Go family[69]. The 

5HT1A receptors are located, predominantly, in the raphe nuclei of the brainstem[31], and 

function as inhibitory autoreceptors on cell bodies of serotonergic neurons[1, 2, 30, 31, 

105, 107, 109]. The 5HT1-receptor subtypes, the 5HT1D/ 5HT1B, also play the role of 

autoreceptors on axon terminals, inhibiting 5HT release. 5HT1D receptors, expressed 
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abundantly in the substantia nigra and basal ganglia, regulate dopaminergic neurons[1, 2, 

30, 31, 105, 107, 109]. 

 

5HT2 receptors: There are three subtypes of 5HT2
 receptors, which are 5HT2A, 5HT2B, and 

5HT2C [111-122]. They are coupled to the pertussis toxin-insensitive, Gq/11 proteins. 

These G proteins activate phospholipase C, producing diacyl glycerol (DAG) and inositol 

triphosphate (IP3). The second messengers mobilize intracellular calcium and activate 

phospho kinase C (PKC)[111-122]. The receptor subtypes 5HT2A & 5HT2C also activate 

phospho lipase A2, which causes arachidonic acid to be released. 5HT2A receptors are an 

important subtype. 5HT2A receptors are expressed abundantly in the CNS, especially at 

the serotonergic terminals. 5HT2A receptors are also expressed peripherally in platelets, 

vascular smooth muscle cells and the GI tract[111-122]. 5HT2B receptors are expressed to 

a great extent in the stomach fundus but their expression is limited in the CNS[111-122]. 

5HT2C receptor is involved in CSF production at the choroid plexus. The serotonin 

receptor 5HT2C influences feeding, behavior and mood, it is the only GPCR regulated by 

RNA editing[111-122]. 

 

5HT3 receptors: The serotonin receptor 5HT3 is the only monoamine receptor subtype that 

is a ligand gated ion channel[47, 123-128]. The 5HT3 receptor is a pentameric ligand 

gated channel that belongs to the Cys-loop receptor superfamily. 5HT3 resemble nicotinic 

and GABAA receptors[47, 123-128]. The receptor’s activation results in a rapid influx of 

cations and hence a desensitizing depolarization. 5HT3 receptors are located mainly in the 

parasympathetic nerve terminal in the peripheral nervous system. In the CNS they are 

expressed in the nucleus solaitarius and the area postrema[47, 123-128]. 5HT3 receptors 
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are also found in the GI tract. 5HT3 receptors in the CNS and GI tract participate in the 

emetic response. Drugs such as ondansetron, which is used to treat nausea and vomiting, 

act by antagonizing 5HT3[47, 123-128].  

 

5HT4 receptors:  5HT4 receptor subtype is coupled to Gs protein that activates adenyl 

cyclase, increasing cAMP concentration in the cytosol[129-131].  5HT4 receptors are 

found in the superior / inferior colliculi and in the hippocampus[129-131]. 5HT4 receptors 

are also widely expressed by the myenteric plexus of the gastrointestinal tract (GIT), 

wherein their activation is known to activate secretion and peristaltic reflex[129-131].  

 

Other cloned 5HT receptors: 5HT6 and 5HT7 receptor subtypes are linked to adenyl 

cyclase[132-139]. Multiple splice variants of 5HT7 have also been found[135-139]. Some 

studies suggest that 5HT6 and 5HT7 might play a role in the relaxation of smooth muscle 

cells in the vasculature and GIT[132]. 5HT5A are the only 5HT5 receptors expressed in 

humans, this receptor acts by inhibiting adenyl cyclase[140]. 5HT5A function as 

presynaptic autoreceptors at nerve terminals and is also expressed by cells in the 

vasculature [140]. 

 Thus 5HT receptors form the major part of the effector arm of a serotonergic system. 

Serotonin receptors are widely distributed both within the CNS, and elsewhere, including 

the coronary vasculature[71, 141].
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SERT (serotonin transporter) 
 

SERT is a transporter protein encoded by the gene SLC6A4 (solute carrier family 6 

member 4), in humans the gene is found in the chromosome 17, at the locus 17q11.1–q12 

[142]. The SERT is a member of the SLC6 (solute carrier 6) subfamily. SLC6 belongs to 

the solute carrier protein (SLC) superfamily [142]. SLC proteins mediate transport by 

either facilitated passive diffusion or by co or counter transport using the gradient of ions 

such as Na+ and Cl-[142, 143]. The SLCs are characterized by 10 -12 hydrophobic 

membrane-spanning segments[142, 143]. These transporters use the energy of 

transmembrane Na+ and Cl- ion gradients to enhance the accumulation and concentration 

of neurotransmitters in the cytosol[55, 142, 144].  

 

The SERT (serotonin transporter SLC6A4) is a protein that possesses 12 transmembrane 

(TM) domains. It has a molecular weight of 60-80 kD [55, 142, 144]. It has a large 

extracellular loop between the third and fourth domain. Both the N & C termini are 

situated within the cytosol. There are six sites where putative phosphorylation might 

occur, mediated by protein kinase A or C[55, 142, 144]. The 5HT transporter is regulated 

by phosphorylation and subsequent internalization, thus providing a mechanism for 

dynamic regulation of serotonergic transmission. The TM domains 1-3 and 8-12 

determine the selective 5HT affinity. SERT has a common binding site for both 5HT and 

its SSRIs, such as fluoxetine[55, 142, 144].  
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The mechanism of SERT mediated transport is quite intriguing. It involves the initial 

binding of 5HT+, Na+, Cl- to the extracellular part of the transporter[55, 142, 144]. This 

causes a conformational change, which closes the extracellular permeation path and opens 

a cytosolic path. This triggers the ions and 5HT+ to be transported into the cytosol. The 

binding of a K+ ion, which causes a reverse conformational change, follows this. This 

action is followed by the extrusion of K+ ion into the extracellular fluid, after which 

SERT returns to its original conformation, ready for a new cycle of symport[55, 142, 

144].  

 

SERT is primarily located in the brain and platelets. SERT activity, like that of 5HTRs, is 

also seen in the placenta, lungs, pulmonary vasculature, gut, and blood platelets. SERT is 

localized in the membrane of serotonergic axon terminals (where it terminates the action 

of 5HT in the synapse)[55, 142, 144]. Blood platelets utilize SERTs to obtain 5HT from 

the blood because they cannot synthesize 5HT by themselves[55, 142, 144]. In the 

placenta, SERTs may protect heavily vascularized embryonic tissue from constricting too 

early due to maternal 5HT[145]. Many drugs such as selective serotonin reuptake 

inhibitors (SSRI), Serotonin Norepinephrine reuptake inhibitors (SNRI), Tri Cyclic 

Antidepressants (TCA) exert their action by blocking the function of this protein[146]. 

 

Selective 5HT reuptake inhibitors (SSRIs) bind specifically to the 5HT transporter protein 

and block the reuptake process. Many SSRIs are available in the market and some are in 

development. They are used mainly in the treatment of mood disorders. Some of the 

examples of SSRIs include citalopram, fluoxetine (Prozac ™), fluvoxamine, paroxetine 

(Paxil ™), and sertraline (Zoloft ™)[146]. Tri cyclic antidepressants such as amitriptyline 
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and imipramine non-specifically inhibit all monoamine transporters. Drugs of abuse such 

as cocaine, fenfluramine, and (3,4-methylenedioxy) methamphetamine (MDMA or 

ecstasy) also inhibit 5HT uptake[146]. 

 

A recently described mechanism of serotonin signaling, independent of its action through 

receptors, is the process of serotonylation. Intracellular 5HT (5HTi) internalized by SERT 

has been demonstrated to cause post-translational modification of proteins by tissue 

transglutaminases by the formation of covalent bonds between serotonin and certain 

amino acid residues in the proteins[97, 147-149].  The proteins, thus modified, activate or 

inhibit various down stream signaling pathways. This process has been demonstrated in 

cells such as platelets, vascular smooth muscle cells, and beta cells of the islets of 

Langerhans. 
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The Central Serotonergic system  
 

 

Figure 4: Central serotonergic system with axons radiating from the raphe nuclei 

 
A figurative representation of the radiating axonal pathways of the central serotonergic system, these axons 
have their cell bodies in the dorsal, medial, and caudal raphe nuclei of the brain stem. The wide spread 
innervation of various parts of the brain by serotonergic neurons explains the plethora of effects that 
serotonin has on a broad range of CNS functions[150]. 
 

The serotonergic neurons have the necessary machinery to synthesize and release 

serotonin at the presynaptic region[53, 150-155]. L-tryptophan is actively transported into 

the presynaptic terminals where it is converted to 5HTP by TPH1 & TPH2. AADC then 

converts 5HTP to 5HT[53, 150-155]. The 5HT is then packaged into presynaptic vesicles 

by vesicular monoamine transporter 2 (VMAT2) proteins and exocytosed at the synapse. 

Once released, 5HT acts on the 14 different types of 5HT receptors found in the CNS. 



 
 
 

14 

Presynaptic regulation of 5HT neuron occurs through somatodendritic 5HT1A and pre 

synaptic 5HT1B, 1D[53, 150-155]. The serotonergic activity is then stopped by the 

reuptake of 5HT into the presynaptic nerve terminal by SERT. The 5HT thus reuptaken is 

metabolized by MAO-A pathway. 

 

Serotonergic neurons, which have their cell bodies in the dorsal raphe and median raphe 

nuclei of the brain stem project widely throughout the CNS and innervate virtually every 

part of the neuroaxis, as illustrated in figure 4. This system of neurons constitutes the 

serotonergic system. The majority of the serotonergic neurons innervate the cerebral 

cortex[53, 150-155]. Frontal, pre-frontal and motor cortices receive the bulk of the axonal 

projections. Unlike the dopaminergic system, 5HT axons are homogeneously distributed 

across different cortical areas, with the greatest density of axons present in the middle 

cortical layers. Furthermore, within cortical areas such as the prefrontal cortex, the 

density of 5HT axons across regions is homogeneous. The raphe nuclei also have several 

projections to subcortical structures[53, 150-155]. The rostral groups of the raphe nuclei, 

project to the caudate, putamen, substantia nigra, and thalamus. The midline, rostral 

intralaminar, and reticular nuclei are the most densely innervated, whereas the ventral 

anterior and habenula are sparsely innervated. The median raphe and the interfascicular 

subnucleus of the raphe, project to limbic structures, such as the hippocampus, amygdala, 

and the septum pellucidum[53, 150-155]. 

 

 There is exhaustive evidence in medical literature to suggest a role for deficient 5HT 

signaling in depression and other mood disorders[156-162]. A Low CSF concentration of 

5-HIAA, the metabolite of 5HT, has been reported in patients with history of depression 
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and those who have committed suicide[163, 164]. Acute experimental depletion of 

tryptophan in patients with remitted depression has been shown to precipitate a 

relapse[165-169]. SERT binding, as measured by functional brain imaging techniques 

such as PET  (Positron emission tomography) and fMRI (functional Magnetic resonance 

imaging), is reduced in the brain of the depressed as well as in postmortem tissue of 

individuals who have committed suicide[54, 170-172]. There are also multiple normal 

behavioral and neuropsychological processes modulated by serotonin, which include 

perception, reward, anger, aggression, appetite, memory, sexuality, and attention, among 

others[52, 70, 173-187]. 
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Peripheral serotonergic system 
 

 

 

Figure 5: A representation of the peripheral serotonergic system  

It is a pictorial representation of the various reported peripheral serotonergic systems. On the left are 
illustrated the systems that have been reported to possess the machinery to synthesize serotonin, which 
include gut, bone, mammary glands, pancreas, and the placenta. On the right are depicted the systems that 
possess the effector machinery for serotonin to act, such as bone, the cardiovascular system and the Liver. 
The organs depicted on the right use the serotonin released by platelets.  (5-HT – serotonin) 
 

Though a lot of attention has been directed towards the role of serotonin in the regulation 

of mood and other CNS functions, the majority of this monoamine is found outside the 

CNS[188]. All of the fifteen types of serotonin receptors are expressed outside the CNS. 

5HT regulates numerous biological functions[188]. The enterochromaffin cells located in 

the gut synthesize majority of the body’s 5HT[188]. The reports of local serotonergic 

systems in various tissues outside the CNS have been reviewed below. 

 

5HT and the cardiovascular system:  

Though serotonin is traditionally known as a vasoconstrictor, it can cause vasodilation in 

certain vascular beds depending on the receptors expressed in each vessel wall and 
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surrounding smooth muscle tissue[40, 188-195]. 5HT is a vascular smooth muscle cell 

mitogen[196]. 5HT is involved in the regulation of heart rate, sinus node and AV node 

function[40, 188-195]. Carcinoid syndrome, a medical condition that is characterized by 

high serum concentration of 5HT, causes atrial fibrillation[56]. 5HT is involved in heart 

development, has a role in valvulopathy and ventricular remodeling in congestive heart 

failure (CHF) [67, 147, 197-200]. Review of literature on serotonergic system in the 

vasculature shall be discussed later in the introduction. 

 

5HT and platelets:  

The majority of the body’s 5HT is carried in vesicles within platelets; the vesicles 

accumulate 5HT by using SERT present in their plasma membrane[201-207]. 5HT plays 

a vital role in hemostasis; dense granules that contain serotonin are released by platelets at 

the site of vascular injury; and activate platelet aggregation, and localized 

vasoconstriction. Serotonin that is internalized by SERT has been demonstrated to exert 

its procoagulant function by causing serotonylation of pro-coagulant α-granule proteins of 

the platelets [97, 207, 208]. SSRIs that inhibit SERT adversely affect platelet aggregation 

and coagulation as they decrease serotonin concentration in the platelet cytosol[209-212]. 

Platelet-released 5HT is the major source of 5HT available to blood vessels as free 5HT 

has a short half-life of 1.2 minutes [213]. Though the platelets do not actively synthesize 

serotonin, their ability to concentrate and release 5HT make them an integral part of the 

peripheral serotonergic system[214, 215].   
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5HT and the Gastrointestinal Tract (GI tract/GIT):   

The majority of the body’s serotonin is released into the gut by intestinal 

enterochromaffin cells [51, 92, 216-220]. 5HT is involved in taste sensation and it is 

released by the gustatory afferent neurons, which originate in the tongue[221-223]. 

Serotonin regulates intestinal motility and enzyme secretion[51, 216]. Serotonin is a 

major neurotransmitter within the gut’s myenteric plexus[51, 216]. Alterations in 

serotonin signaling is involved in the pathogenesis of disorders such irritable bowel 

syndrome (IBS)[49, 224-227]. Hence drugs that target 5HT3 and 5HT4 receptors have 

been used to treat IBS[49, 224-228]. Serotonin released from the GI tract acts through the 

5HT3 receptors in unison with serotonin released by the chemoreceptor trigger zone in 

the CNS to mediate nausea and vomiting[229, 230]. Thus 5HT3 agonists such as 

ondansetron are used to treat nausea[144, 231-237]. 

 

5HT and the embryo:  

Basu and colleagues demonstrated the expression of TPH2 (tryptophan hydroxylase 2)  

mRNA in oocytes and 2-cell embryos[238]. TPH2 enzymatic activity has also been 

reported in the two-cell embryo to the blastocyst stage, showing that a non-neuronal cell 

type, the totipotent blastomere, can synthesize 5HT[238, 239]. The evidence of the 

presence of serotonergic machinery in embryonic cells could be construed as an indirect 

evidence of a reasonable probability of all well differentiated cells to express the 

serotonergic machinery, when stimulated by appropriate transcription factors.  
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5HT in the Placenta & preeclampsia:  

Functional TPH1 is present in the trophoblastic cell layer of the placenta[145, 240-244]. 

Bonnin and co-workers argue that 5HT synthesized by TPH1 in the murine placenta 

functions like a hormone, and that it is critical to fetal brain development and 

developmental programming of the brain[244]. It has also been proposed that placental 

5HT has a local role during pregnancy as 5HT, SERT, and 5HT receptors are present in 

the placenta and trophoblast cell lines, showing that a complete serotonergic network is 

present[145, 238, 241]. 5HT plays a role of regulating fetal and maternal circulation 

within the chorionic villi and uterine spiral arteries through SERT and the 5- HT2A 

receptors present in the villous trophoblast and the capillary endothelium of the normal 

term placental tissue[240, 245, 246]. Increased 5HT levels are associated with 

preeclampsia, a condition associated with hypertension, proteinuria and compromised 

placental circulation and increased coagulability [240].   

 

Serotonin in bone biology:  

Recently, Chabbi-Achengli et al. (2012) reported the presence of a functional 

serotonergic system in the osteoclasts, in mice[247]. The authors also demonstrated that 

5HT plays an active role in bone remodeling [247]. 5HT has been shown by various 

studies to be variably involved in both bone resorption and bone deposition [248-251]. 

5HT has been shown to reduce osteoblast proliferation through the activation of 5HT1B 

receptors present on osteoblasts [247]. SSRI therapy is associated with bone resorption 

and a decrease in bone density [251]. Thus bone possesses an intrinsic serotonergic 

system and 5HT plays an important role in the regulation of bone remodeling. 
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5HT & Pancreatic β-cells:   

Pancreatic β-cells have been shown to possess an intrinsic serotonergic system. This was 

initially shown in the pregnant mice[252]. The researchers demonstrated that 5HT played 

a paracrine/ autocrine role in regulating β- cell proliferation, during pregnancy[252]. 5HT 

stimulated serotonergic receptors (5HT1A) on β- cells and induced β- cell proliferation, 

generating an increase in insulin secretion[34, 253]. Recent studies have demonstrated 

that serotonin might affect insulin secretion by, through serotonylation[254]. An intrinsic 

serotonergic system within the β- cells of the pancreas regulates β- cell proliferation and 

insulin synthesis. 

 

5HT & the mammary glands: 

Matsuda et al. (2004) reported that prolactin-induced the expression of TPH-1 in mouse 

mammary glands[81]. Mammary epithelium has been demonstrated to synthesize 5HT, 

which regulates the tight junctions in the mammary epithelium [255]. Serotonin also 

suppresses beta-casein gene expression and has been shown to cause shrinkage of 

mammary alveoli, and play an important role in the involution of mammary glands [81]. 

The mammary epithelial tight junctions play an important role in the initiation of 

postpartum milk secretion, and the involution of the mammary gland [255]. Serotonin in 

the murine and human mammary epithelium activates 5HT7 receptors and induces a rise 

in cAMP, which subsequently leads to the opening of tight junctions followed by a 

decrease in milk secretion due to the dissipation of the transepithelial gradient of Na+ and 

Cl+ ions [256]. SSRIs have been demonstrated to delay the initiation of lactogenesis and 

hasten the involution of the mammary glands in both humans and mice[257]. A 
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functionally active serotonergic system within the mammary epithelium plays an 

important role in the regulation of milk secretion and the involution of the mammary 

glands. 

 

Peripheral serotonergic systems perform vital regulatory functions in various organs 

outside the CNS. Serotonin plays the role of a local hormone with a diverse set of 

functions. Serotonin’s effects vary with the cell and tissue type. The scientific evidence of 

the existence of local serotonergic systems in various organs encourages one to scrutinize 

its presence in other tissues such as the coronary vasculature. 



 
 
 

22 

Vascular smooth muscle cells and atherosclerosis 

 

Figure 6: A section of the blood vessel wall representing all its 3 layers 

The vessel wall consists of three layers. The adventitia is the outermost layer, populated predominantly by 
fibroblasts and connective tissue proteins such as elastin and collagen. The middle layer is refered to as the 
media and consists of vascular smooth muscle cells. The innermost layer is known as the intima, which 
possess the endothelium and the internal elastic lamina, which separates it from the media. (ECM – extra-
cellular matrix, VSMC – vascular smooth muscle cell) 
 

Vascular smooth muscle cells (VSMC) are located in the tunica media layer of blood 

vessel walls[258, 259]. The vascular smooth muscle cells located within the media of the 

arterial wall is illustrated in figure 6. The VSMCs are surrounded by extra-cellular matrix 

(ECM), which is partly secreted by the VSMCs. VSMCs in peripheral arterioles play the 

important function of controlling peripheral resistance of the circulation[258, 259]. 

VSMCs within adult blood vessels proliferate at a low rate and have a low synthetic 
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activity[258, 259]. VSMCs are morphologically spindle shaped[258, 259]. VSMCs in the 

media are terminally differentiated and they exhibit remarkable phenotypic plasticity 

[260-265]. VSMCs can either differentiate either into a contractile or a synthetic 

phenotype, which is mediated by various cytokines [260-265]. The contractile phenotype 

is spindle shaped, whilst the synthetic ones are less elongated and possess a rhomboid 

morphology [266].  The synthetic VSMCs have high number of organelles such as the 

endoplasmic reticulum, and ribosomes necessary for protein synthesis, while the 

contractile VSMCs possess more of contractile filaments[266]. Synthetic VSMCs 

proliferate and migrate at a higher rate than the contractile VSMCs[266]. The factors that 

regulate phenotype differentiation of VSMC include, but are not limited to Platelet 

derived growth factor (PDGF), transforming growth factor (TGF)-β, activin A, retinoids, 

angiotensin II, and tumor necrosis factor-α (TNF-α)[266].  

 

VSMC proliferation and contractility are important phenomena that are altered in many 

pathophysiological conditions[258]. Various cytokines and hormones regulate the growth 

and contractility of VSMCs; growth promoters include PDGF, as well as endothelin-1, 

thrombin, fibroblast growth factor (FGF), interferon-γ (IFN-γ), and interleukin-1 (IL-1). 

Inhibitors include heparan sulfates, nitric oxide, and TGF-β[267]. Other growth 

promoters of VSMCs include the renin-angiotensin system (e.g., angiotensin II), 

catecholamines, estrogen receptor, and osteopontin[267]. 

 

Extracelluar signaling by vasoactive agents cause the hydrolysis of phosphoinositides in 

the membrane by phospholipase C (PLC) to form inositol triphosphate (IP3) and diacyl 

glycerol (DAG)[268]. IP3 is recognized by IP3 receptors in the sarcoplasmic reticulum 
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and causes the release of calcium into the cytosol. The increase in cytosolic Ca2+ activates 

a cascade of enzymes leading to contraction or growth of the VSMCs [268].  

 

VSMC growth can involve either hypertrophy or hyperplasia. While the former consists 

of increase in SMC mass, the latter involves replication of cells and increase in DNA 

synthesis. Hypertrophy is brought about by vasoactive agents such angiotensin II and 

involves increased synthesis of structural proteins. Hyperplasia involves VSMC mitosis 

and is induced by growth factors such as PDGF [258, 259, 267]. Under physiological 

conditions VSMCs are quiescent and in the non-proliferative G0 phase of the cell 

cycle[269]. An intact vascular endothelium secretes mediators, such as nitric oxide (NO), 

prostacyclin, heparan sulfates, and transforming growth factor- (TGF-β), which prevent 

VSMC advancement into the S phase of the cell cycle[269]. Vascular endothelium 

dysfunction is a common denominator in various pathophysiological condition, which 

causes the release of various mediators such as PDGF, thrombin, FGF, IL-1, IL-6 from 

various sources such as endothelium, subendothelial matrix, and inflammatory cells 

leading to VSMC proliferation, and phenotyping switching[266]. The various signaling 

pathways mediating VSMC proliferation is illustrated in the figure 7. 
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Figure 7: Signaling pathways that mediate VSMC proliferation 

The figure above depicts the main signaling pathways involved in VSMC proliferation viz. Ras/ERK 
pathway, and PI3K/AKT pathway. The RhoA/ROCK signaling is depicted as well.  (AKT - Ak mouse 
thymoma protein, Ca2+ - calcium, DAG – diacyl glycerol, ERK - extracellular signal-regulated kinases, 
GPCR – G-protein coupled receptor, GDP - Guanosine diphosphate, GTP - Guanosine triphosphate, GRB2 
- Growth factor receptor-bound protein 2, IP3 - inositol tri phosphate, LIMK – LIM domain kinase, MEK – 
mitogen activated protein kinase kinase, MAPK - mitogen-activated protein kinase, pERK – phosphorylated 
extracellular signal-regulated kinases, PIP2 - Phosphatidylinositol 4,5-bisphosphate, PI3K - 
Phosphatidylinositide 3-kinases, p27 – protein 27 or tumor protein 27, PKC - protein kinase C, PLC – 
phospholipase C, Ras – rat sarcoma protein, Raf - rapidly growing fibrosarcomas protein, ROCK - Rho-
associated protein kinase, Rho –Ras homolog gene family protein, RTK - receptor tyrosine kinase, SOS - 
Son of Sevenless protein) 
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Most of the growth factors and chemokines bind and activate receptor tyrosine kinases 

(RTK) and activate them or bind to a GPCR (G protein couple receptor) and transactivate 

RTKs.  Binding of growth factors activates the tyrosine kinase activity of the cytoplasmic 

domain of the receptor. The receptor becomes phosphorylated on certain tyrosine 

residues[267, 269-272]. The RTKs mediate their effects, mainly, through three different 

signal transduction pathways [267, 269, 270, 272]. The pathways are  

 

1. Ras ('Rat sarcoma' protein- small GTPase) /ERK (Extracellular signal-regulated 

kinases) signaling pathway 

2. PI3K (Phosphatidylinositide 3-kinases) /AKT (Ak mouse thymoma) signaling 

pathway: 

3. JAK (Janus Kinase) /STAT (Signal Transducer and Activator of Transcription) 

pathway 

 

Ras/ERK signaling pathway:  

The Ras/ERK pathway is activated by the adaptor protein growth factor receptor-bound 

protein 2 (Grb2), upon binding of the growth factor to its receptor. Grb2 is recruited to the 

tyrosine phosphorylated RTK through its Src homology 2 (SH2) domain[62, 270, 271, 

273-276]. Grb2 then recruits the guanyl nucleotide-release protein SOS (Son of 

Sevenless) to the plasma membrane. SOS mediates the exchange of GDP (guanyl 

diphosphate) for GTP (guanyl triphosphate) in the small G protein RAS, thus activating 

it. The mitogen-activated protein kinase kinase kinase (MKKK) or Raf ('rapidly growing 

fibrosarcomas' a protein serine/threonine kinase) then binds to activated Ras. This 

activates the Raf, which leads to the phosphorylation of the mitogen-activated protein 
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kinase kinase (MKK or MEK1/2). MEK1/2 then activates the mitogen activated protein 

kinase (MAPK), ERK 1/2, through phosphorylation[62, 270, 271, 273-277]. The 

Ras/ERK pathway is depicted in the figure 7. 

 

ERKs then translocate to the nucleus and phosphorylate transcription factors of the TCF 

(T cell factor)/Ets family, leading to activation of “immediate-early” genes including fos, 

myc, and jun. Fos and Jun associate to form Ap-1 (activator protein 1) and activate 

cyclins and cyclin dependent kinases (CDK), while myc directly activates cyclin/ CDK 

transcription. Cyclins and their respective kinases are involved in the regulation of the 

cell cycle[62, 270, 271, 273-276]. Retinoblastoma protein (pRb) binds to the transcription 

factor E2F, which is a known enhancer of cell cycle progression across the restriction 

point from G1 to S phase. Phosphorylation of pRb by cyclin/ CDK complex causes its 

inactivation and hence releases E2F[62, 270, 271, 273-276]. This reaction causes the cell 

to progress from G1 to S phase. Thus growth factors acting through RTKs in VSMCs 

activate the MAPK/ERK pathway, which in turn activates cyclin/ CDK expression, these 

proteins are instrumental in guiding the cells from the G1 phase to S phase. Beyond this, 

cell cycle progression from the G2 phase to the M phase does not require further growth 

factor stimulation[62, 270, 271, 273-276]. 

 

PI3K /AKT signaling pathway: 

Upon ligand binding to the growth factor receptor, the adaptor protein Shc (Src 

Homology 2 Domain Containing protein) binds to the tyrosine phosphorylated receptor 

through its SH2 domain. This recruits lipid kinase PI3K through tyrosine phosphorylation 

of Shc by the RTK[278, 279]. Upon recruitment to the receptor, PI3K phosphorylates the 
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phosphatidylinosides PI4, 5P (Phosphatidylinositol 4,5-bisphosphate) and PI4P 

(phosphatidylinositol 4-phosphate). This generates a PI 3,4,5P (Phospho inositol 3, 4, 5 tri 

phosphate) or PI3, 4P (Phospho inositol 3, 5 bis phosphate). These are referred to as PIPs. 

PIPs bind to the pleckstrin homology (PH) domain in the serine threonine kinase 

AKT[278, 279]. This causes AKT to become phosphorylated and activated. Activated 

AKT phosphorylates multiple substrates including caspase 9, BAD (Bcl-2-associated 

death promoter) and FOXO (Forkhead box) leading to their inactivation and subsequent 

increase in cell survival. AKT-mediated phosphorylation of mTOR (mammalian target of 

rapamycin), Creb, (cAMP response element-binding protein) and NFkB (nuclear factor 

kappa-light-chain-enhancer of activated B cells) leads to activation and subsequent 

increase in cell survival[278, 279]. 

 

JAK / STAT signaling pathway: 

Growth factor receptors also activate the JAK/STAT pathway through binding of JAK 

and STAT to the tyrosine phosphorylated receptor. JAK2 and STAT3 are associated with 

activated RTK[90]. Upon association, JAK2 phosphorylates the tyrosine residue of 

STAT3 causing the formation of a STAT3 homodimer that translocates to the nucleus 

where it activates gene transcription[90]. In addition to tyrosine phosphorylation of 

STAT3, serine phosphorylation of STAT3 also occurs, maximizing its transcriptional 

activity. Genes up regulated by STAT3 include Bcl-2 (B-cell lymphoma 2) family 

members Bcl-2, Bcl-xL and Mcl-1 (myeloid leukemia cell differentiation protein) as well 

as p21 and cyclin D1. STAT3 is involved in epithelial cell polarity and adhesion[90] 
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Interaction with other signaling networks: 

The RTK signaling network interacts with other receptor signaling networks including 

GPCRs, such as those of angiotensin II and neurotransmitters, and thrombin [280-282]. In 

addition, signals induced by hormones, neurotransmitters, lymphokines, and stress 

inducers also crosstalk with RTKs[281, 283]. An example of crosstalk between two 

different receptor-signaling networks occurs when ligands such as angiotensin-II, 

thrombin or endothelin bind to their GPCR, and activates tyrosine phosphorylation of 

EGFR (Epithelial growth factor receptor) at their C-terminus tails by non-receptor 

tyrosine kinases[280-283]. RTKs are also activated by non- RTK ligands that activate the 

ADAM (A disintegrin and metalloproteinase) family of matrix metalloproteinases[66, 

283-290]. The matrix metalloproteinases cleave membrane-bound RTK receptor ligands, 

freeing them to bind to their RTKs, activating them further. In vascular smooth muscle 

cells angiotensin II (AII) mediated transactivation of growth factor receptors is an 

important mechanism by which AII causes vsmc proliferation[66, 283-290].  
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Figure 8: Atherosclerosis - intimal migration of phenotypically-modified VSMC 

The figure is a pictorial illustration of an atherosclerotic plaque. The figure depicts the phenotypic 
transformation of contractile VSMCs within the media of the vessel wall to the synthetic type. It also 
illustrates the subsequent migration of the VSMCs to the intima. On the luminal side of the vessel wall an 
evolving atherosclerotic plaque is depicted with a lipid core at its center, surrounded by foam cells, intimal 
synthetic VSMCs, and ECM deposited by the VSMCs. A clot that has RBCs and platelets enmeshed in it is 
shown disrupting the endothelium. (ECM – extracellular matrix, LDL- Low-density lipoprotein, VSMC – 
vascular smooth muscle cell, RBC – Red blood cells, VSMC – vascular smooth muscle cell) 
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Figure 9: The role of VSMC in atherosclerosis 

The figure illustrates the mechanism by which VSMCs undergo phenotypic modification in atherosclerosis 
and their subsequent role in the evolution of the atherosclerotic plaque. Oxidized LDL present in the 
hyperlipidemic plasma binds to scavenger receptors on macrophages and is engulfed. The macrophages 
transform into foam cells after they engulf oxidized LDL. Macrophages activated by the oxidized LDL 
secrete various cytokines such as IL1, IL6 and TNF- α; these cytokines subsequently stimulate the VSMCs 
in the media to transform into synthetic VSMCs. The VSMC is also influenced by mediators such as 
angiotensin II, serotonin, MMPs and growth factors such as PDGF to transform into synthetic VSMC. 
These mediators are derived from various sources such as the dysfunctional vascular endothelium, platelets, 
foam cells and fibroblasts. Some mediators such as TGF-β inhibit the transformation of contractile VSMC 
to synthetic VSMC. The synthetic VSMC thus modified migrates into the intima causing further ECM 
deposition, cytokine secretion and monocyte retention, these actions result in the evolution of the 
atherosclerotic plaque. (5HT – serotonin, ATII – angiotensin II, ECM – extra cellular matrix, GPCR – G 
protein coupled receptor, IL –interleukin, LDL – low-density lipoprotein, MMP – matrix metalloproteinase, 
TGF – transformation growth factor, TNF – tumor necrosis factor, VSMC – vascular smooth muscle cell.)  
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The VSMCs play an important role in all stages of the development, from the fatty streak 

stage to the complicated atheroma stage[50, 291-293]. The role of VSMCs in 

atherosclerosis and its interactions with other cells involved in the pathophysiology is 

illustrated in figures 8 and 9. 

 

The switch in phenotype of VSMCs is an important milestone in the development of 

atherosclerosis, as this change causes the VSMCs to migrate into the intima, proliferate, 

produce various cytokines, and deposit ECM in the developing atheroma[291, 294-296]. 

Even in adults, VSMCs are not fully differentiated and possess phenotypic plasticity. The 

phenotypic switch is the result of changes in the local environment such as vascular 

injury, cell-cell interactions, ECM deposition, and the productions of cytokines by the 

foam cells[260, 277, 297].  

 

The factors that induce the phenotypic switch include PDGF, transforming growth factor 

(TGF)-β, activin A, retinoids, angiotensin II, and tumour necrosis factor-α (TNF- α)[260, 

295, 298, 299]. Besides these, compounds such as FGF, insulin-growth factor (IGF)-I and 

-II, endothelin-1, nitric oxide (NO), reactive oxygen species, peroxisome proliferator 

activated receptor-gamma ligands and complement 3 protein have been shown to affect 

SMC phenotype[260, 277, 295, 297-299]. Biophysical factors such as changes in 

mechanical stretch and shear stress also affects the phenotype of the VSMCs [260, 295, 

298, 299]. ECM proteins such as heparin, fibrillar and monomeric type I collagen, 

laminin are known to affect the phenotype of the VSMCs[63, 252, 277, 300-302]. Recent 

research has also suggested that some VSMCs in the intima that are synthetic in nature 

might be bone marrow derived pluripotent stem cells [303-306]. 
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Agents causing VSMC migration include growth factors (angiotensin II, PDGF, bFGF, 

HB – EGF, IGF – 1, VEGF, thrombin)[307-316], cytokines [IL (Interleukin) – 1 β, IL – 6, 

TGFβ 1 (transformation growth factor β 1), TNF – alpha (tumor necrosis factor), MCP – 

1 (monocyte Chemoattractant Protein-1)][313, 317-319], ECM components (collagen 1, 

IV, collagen VIII, fibronectin, hyaluronan, laminin, osteopontin thrombospondin, 

vitronectin)[320-324], bioactive lipids (lipoprotein (a), hydroxyeicosatrienoic acids ( 12 

or 15s HETE)) [325, 326], diabetogenic agents [ high glucose (25 mmol / L) ], advanced 

glycation end products (AGEs), receptor for advanced glycation end products (RAGE) 

ligands S 100 B[68, 144, 147, 327, 328], and other molecules such as norepinephrine, 

histamine, and serotonin [314]. MMP secreted by VSMCs and other cells cleave adjacent 

ECM proteins and aid in migration of VSMCs[308]. 

 

VSMCs stimulated by growth factors and cytokines proliferate within the atherosclerotic 

plaque converting it into a fibro fatty lesion[329]. Growth promoting factors invoved in 

the stimulation of VSMC mitogenesis in atherosclerosis includes, PDGF, Angiotensin II, 

oxidized LDL, ROS (reactive oxygen species), endothelin – 1 (ET – 1), thrombin, 

fibroblast growth factor (FGF), and interleukin -1 (IL - 1). Proliferation of VSMCs is 

inhibited by heparan sulfates, nitric oxide (NO), transforming growth factor and TGF-β 

[66, 258, 263, 264, 270, 272, 275, 277, 282, 289, 290, 295, 296, 330-332].  

 

In the early stages of atherosclerosis, VSMCs are involved in the endocytosis of oxidized 

LDL, and phagocytosis of nanometric molecular complexes, microparticles and other 

apoptotic VSMCs[333]. LDLs bind to specific receptors on the VSMC membrane. 

Modified LDL interacts with scavenger receptors SRA-I (Scavenger Receptor Class AI), 
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SRA-II (Scavenger Receptor Class AII), CD36, and Lectin-like oxidized low-density 

lipoprotein receptor-1 present on VSMCs[182, 334]. Minimally modified LDL activates 

Toll like receptors (TLR) on VSMCs[39, 335]. The endocytosis of LDL by VSMCs leads 

to the formation of VSMC foam cells.  

 

Inflammatory mediators expressed by smooth cells within the atherosclerotic plaque 

include, but are not limited to, IL-1β, TNF-α, TGF-β, IL-6, M-CSF, MCP-1, IL-18, and 

CD-40L[129, 331, 336-343]. The impact of these mediators is diverse and includes 

mitogenesis, intracellular matrix proliferation, foam cell development, and immune cell 

recruitment in the atherosclerotic plaque[331, 337, 340].  ECM occupies more than half 

of the atherosclerotic lesion. The major ECM proteins found in an atherosclerotic lesion 

include collagen, elastin, glycoproteins, fibronectin, laminin, vitronectin, and 

thrombospondin[320, 344-350]. They are produced largely by VSMCs and are 

responsible for the tensile strength of the plaque and thus its stability[320, 344-352]. 

 

VSMCs that are activated can produce reactive oxygen species such as O2
-, H2O2 and –

OH, in response to various mediators such as cytokines (TNF-α, IL1), growth factors 

(PDGF), vasoactive peptides (angiotensin II), platelet- derived products (thrombin, 

serotonin) and mechanical factors (cyclic stretch, laminar and oscillatory shear stress)[46, 

353, 354]. Major source of ROS in the VSMC is the NADPH oxidase (Nox). Other 

enzymes that might also contribute include NO synthases, cyclooxygenases, 

lipoxygenases, cytochrome P-450 monooxygenase, and xanthine oxidase. ROS produced 

by the VSMC contributes to LDL oxidation, inflammation, local monocyte 

chemoattractant protein production, upregulation of adhesion molecules, macrophages 
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recruitment, endothelial dysfunction, platelet aggregation, extracellular matrix 

remodelling through collagen degradation, and VSMC apoptosis; thus playing a central 

role in the development and progression of atherosclerosis and eventually in plaque 

rupture[46, 73, 75, 353-356]. 

 

VSMC plays a critical role in the development of the atherosclerotic lesion. VSMC 

proliferation, which is induced by multiple mediators, is an important component of the 

pathogenesis of atherosclerosis. 
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Serotonin and VSMCs 
 

5HT mediates its action on VSMCs through various receptors and through SERT [149, 

196, 244, 357-367]. The predominant actions of 5HT on VSMCs include 

vasoconstriction, vasodilation, proliferation and migration [149, 196, 244, 357-367]. 

VSMCs express the following 5HT receptors:  5HT1B, 5HT2A, 5HT2B, 5HT4, and 5HT7. 

Of these 5HT2A, 5HT1B, and 5HT2B are known to mediate vasoconstriction or relaxation 

[359]. Through 5HT2A, 5HT causes a mitogenic response in VSMCs[55, 368, 369]. 

5HT1B receptor is known to produce vasoconstriction and mitogenesis, especially in the 

pulmonary vascular bed[55, 368, 369].  

 

Vasoconstriction in humans is predominantly mediated, by 5HT2A receptors, but 5HT1B/1D 

receptors can also mediate constriction, as exemplified by the success of the triptans, 

5HT1B/1D agonists, in the treatment of migraine[55, 368-370]. Recent research has shown 

that SERT is present in VSMCs[40, 228, 362]. 5HT transported via the SERT triggers 

activation of various signaling pathways in VSMCs. Serotonylation of RhoA (small 

GTPase protein) causes the activation of RhoA/ ROCK pathway, which mediates VSMC 

contraction, migration and proliferation[371]. Serotonylation of fibronectin is also known 

to be involved in VSMC proliferation[372].  Recent studies have shown that in contrast to 

the constricting action of 5HT on SMCs, which is mainly mediated by 5HT receptors 

(5HT 1B/D, 2A, 2B), the mitogenic and co-mitogenic effects of 5HT require internalization of 

indoleamine by SERT[362]. Accordingly, drugs that competitively inhibit SERT 

(Selective serotonin reuptake inhibitors) block the mitogenic effects of 5HT on SMCs[40, 

373].  



 
 
 

37 

  

Figure 10: 5HT signaling in the VSMC 

5HT influences VSMC proliferation by the activation of the RhoA/ROCK pathway through serotonylation, 
through calcium signaling via its GPCR, by ROS through the activation of NOX, through its various 
interactions with the MAPK/ERK pathway, by the activation of the JNK/Akt pathway and by the inhibition 
of the BMP/SMAD pathway. These actions of 5HT are illustrated pictorially in the figure above. (5HT – 
serotonin, 5HTR – serotonin receptor, AKT - Ak mouse thymoma protein, BMP – Bone morphogenetic 
protein, BMPR – Bone morphogenetic protein receptor, Ca2+ - calcium, DAG – diacyl glycerol, ERK - 
extracellular signal-regulated kinases, GPCR – G-protein coupled receptor, GDP - Guanosine diphosphate, 
GTP - Guanosine triphosphate, GRB2 - Growth factor receptor-bound protein 2, IP3 - inositol tri phosphate, 
JNK – Janus kinase, LIMK – LIM domain kinase, MEK – mitogen activated protein kinase kinase, MAPK - 
mitogen-activated protein kinase, NOX – NADPH oxidase, PDGF – platelet derived growth factor, PDGFR 
– platelet derived growth factor receptor, pERK – phosphorylated extracellular signal-regulated kinases, 
PIP2 - Phosphatidylinositol 4,5-bisphosphate, PI3K - Phosphatidylinositide 3-kinases, p27 – protein 27 or 
tumor protein 27, PKC - protein kinase C, PLC – phospholipase C, pSMAD - phosphorylated SMAD, Rac - 
Ras-related C3 botulinum toxin substrate, Ras – rat sarcoma protein, Raf - rapidly growing fibrosarcomas 
protein, ROCK - Rho-associated protein kinase, Rho –Ras homolog gene family protein, SERT – serotonin 
transporter, SR – sarcoplasmic reticulum) 
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The control of VSMC growth and proliferation is a complex phenomenon that involves 

many signaling pathways that often interact with each other. The result of the interaction 

of these pathways is the growth & proliferation of the VSMCs. 5HT exerts its mitogenic 

effect by acting through multiple pathways as illustrated in figure 10.[45, 191, 203, 358, 

374-377] 

 

Activation of RhoA/Rho kinase by short-term stimulation of SMCs with 5HT has been 

ascribed to the 5HT1B/1D receptor, whereas delayed activation of RhoA depends on 

SERT[51, 149, 371, 378, 379]. This SERT dependent activation of RhoA is mediated by 

TGase induced RhoA serotonylation and is observed in pulmonary arteries from hypoxic 

rats[51]. Activation of RhoA results in the phosphorylation and activation of ROCK [51, 

149, 371]. ERK1/ERK2 is a vital transcription factor involved in growth factor signaling 

through the MAPK/ERK pathway, in VSMCs.  

 

The translocation of ERK1/ERK2 into the nucleus is mediated by the 5HT mediated 

activation of the Rho A/ROCK pathway[379] It has also been shown that several other 

signaling mechanisms, invoved in VSMC proliferation, are regulated by the 5HT 

activation of RhoA/ROCK pathway, the mechanisms include cyclin D1 expression, elk 

activation, and DNA binding of the transcription factors such as GATA-4 and egr-1[379]. 

5HT initiates the activation of the MAPK/ ERK signaling pathway by activating NADPH 

oxidase (NOX) in VSMCs [380]. The increase in superoxide anions, produced by NOX 

activation, stimulates ERK phosphorylation and its eventual transport into the nucleus to 

stimulate VSMC proliferation[380].  
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JNK (Janus Kinase) is a member of the MAPK family, which is known to play an 

important role in inflammation, cell differentiation and apoptosis[362]. 5HT stimulates 

the activation of JNK, as well as other MAPKs in pulmonary artery SMCs[362].  The 

activation of JNK contributes to 5HT-induced SMC proliferation and migration. 

Activation of JNK by 5HT leads to stimulation of the Akt signaling pathway, a previously 

established signaling mechanism in VSMCs[362].  The PI3K/mTOR (mammalian target 

of rapamycin) pathway is an important signaling mechanism involved in the mediation of 

VSMC proliferation. 5HT through its GPCR and by the production of ROS activates the 

PI3K/mTOR pathway [46]. The PI3K/mTOR pathway operates independent of the 

ERK/MAPK and Rho/ROCK signaling mechanisms[46]. SERT and the platelet-derived 

growth factor receptor (PDGFR) have been implicated in pulmonary artery smooth 

muscle cell (PASMC) hyperplasia and pulmonary hypertension (PH) [244]. SERT 

transactivates PDGFRβ in serotonin stimulated PASMC proliferation, SERT also 

facilitates the activation of the Akt signaling pathway by PDGFRβ.  

 

BMPR-2 (bone morphogenetic protein receptor) by its ligand activation inhibits PASMC 

hyperplasia [61]. BMPR-2 mutations have been shown to cause pulmonary hypertension 

[61]. Smad1/5 are transcription factors that mediate the anti-proliferative signaling 

initiated by BMP-2[61]. 5HT has been demonstrated to inhibit Smad1/5 signaling through 

the MAPK/ERK pathway in PASMCs, with dominant negative mutation of BMPR-2[61]. 

This suggests that 5HT activated MAPK/ERK signaling might interact with BMPR-2 

signaling in the regulation of VSMC proliferation[61]. 
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5HT and its role in atherosclerosis: 
 

5HT and VSMC proliferation in atherosclerosis: 

 

5HT has been shown to play an important role in VSMC proliferation and migration in 

vascular pathologies such as atherosclerosis. Watanabea et al., (2001) through many of 

their research studies showed that 5HT, individually and synergistically, induces VSMC 

proliferation at the site of vascular injury and thus contributes to atherosclerosis[45, 72, 

358, 381-383]. 5HT acted in synergy with urotensin II, MCP-1 (Monocyte chemotactic 

protein), 4-hydroxy-2-nonenal  (lipid peroxidation product), and angiotensin II[45, 72, 

358, 381-383]. Pakala et al., (2004) demonstrated that at the site of vascular injury 

serotonin released by platelets induces VSMC proliferation and migration thus 

participating in atherosclerosis[384]. Tamura et al., (1997) indicated that 5HT released at 

the site of vascular injury induces VSMC migration thus contributing to atherosclerosis 

and neointima formation[360]. Koba et al., (2000) suggested that even low concentrations 

of VLDL, IDL or LDL from hypercholesterolemic plasma (present in atherosclerosis) 

significantly potentiated the mitogenic effect of 5HT on VSMCs[385]. Schini-Kerth et al., 

(1996) showed that the aggregating human platelets stimulated the expression of 

thrombin receptors in VSMCs through the release of serotonin. Thus sustaining the 

mitogenic activity of thrombin in the vascular wall at the site of vascular injury[386]. The 

above-mentioned studies demonstrate the role played by 5HT in the mediation of 5HT 

proliferation and migration in pathological conditions. 
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Depression and immune system activation: 

 

Pro-inflammatory cytokines, such as TNF-α, IL-1 and IL-6 are over-expressed in 

depression[387, 388]. The central serotonergic system through its effects on the 

hypothalamic-pituitary-adrenal axis (HPA) is responsible for this increase secretion[387, 

388]. These cytokines are the major instigators of the pathogenesis of atherosclerosis and 

thus CAD (coronary artery disease)[40, 389, 390]. This is an indirect evidence of the 

effect of the central serotonergic system’s role in the pathogenesis of atherosclerosis and 

CAD[391].  

 

5HT and metabolic syndrome: 

5HT metabolites are found in higher concentration in the plasma of patients with 

metabolic syndrome[72]. This evidence underlines the potential importance of 5HT in 

metabolic syndrome[72]. Acyl-coenzyme A cholesterol acyltransferase-1 (ACAT-1) is an 

enzyme that converts intracellular free cholesterol into cholesterol ester for storage in 

lipid droplets and plays an important role in the formation of foam cells in atherosclerotic 

lesions[72]. 5HT plays a crucial role in foam cell formation by up- regulating ACAT-1 

expression via the 5HT2A receptor/G protein/c-Src/PKC/MAPK pathway, thus 

contributing to the progression of an atherosclerotic plaque[72].  

 

5HT and CAD 

Coronary atherosclerosis and plaque rupture-induced thrombus formation is the pathology 

underlying ischemic heart disease, such as myocardial infarction (MI)[392]. The rapid 
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closure of coronary arteries due to occlusive thrombi is the major cause of acute 

myocardial infarction, and disruption of coronary atherosclerotic plaques is an established 

trigger of coronary thrombosis[392]. Thrombus formation at the disrupted site might 

promote further stenosis, but this process itself does not always result in complete luminal 

occlusion[392]. Vasoconstriction over mural thrombi is needed to cause the complete 

occlusion[392]. 5HT plays a role in coronary atherosclerosis, thrombus formation and 

vasoconstriction over a mural thrombus[30, 48, 393-395]. 

 

Accumulation of platelets close to a ruptured atherosclerotic plaque in coronary arteries 

cause the platelets to release vasoactive mediators such as thromboxane A2 and 5HT 

which causes both increased platelet recruitment and vasoconstriction of the already 

occluded coronary artery over the evolving, platelet plug /clot. This results in the 

escalation of the clinical syndrome of stable angina to unstable angina[395, 396]. 5HT2A 

specific receptor inhibitors such as sarpogelate and ADP791 have been shown to maintain 

the patency of atherosclerotic coronary arteries [229, 396, 397]. High plasma 5HT levels 

and 5HT2A receptor gene polymorphisms are associated with cardiovascular events[229, 

397, 398]. It is difficult to delineate if these effects are due to amelioration of the platelet 

aggregation or inhibition of vasoconstriction and VSMC mitogenesis. 

 

5HT and the neointima 

 Intimal lesions of atherosclerosis are SMC-rich[305]. Animal studies have revealed that 

hypercontraction or spasm is induced in arteries with SMC-rich neointima and that, the 

5HT2A receptor, plays a crucial role in this response[65, 305, 399]. These results suggest 

that the 5HT2A receptors found on SMCs in intimal atherosclerotic lesion contribute to the 
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augmentation of vasoconstriction and VSMC proliferation[65, 305, 399]. 5HT2A receptor 

signaling is linked to a dysfunctional RhoA/ ROCK signaling in the neointima-induced 

vasoconstriction[65, 305, 399]. 

 

The above discussion throws light upon the role played by 5HT in the propagation of 

atherosclerosis; 5HT stimulates processes such as VSMC proliferation, and foam cell 

formation[397, 398]. 5HT is involved in the pathogenesis of CAD by stimulating 

thrombus formation at the site of coronary atherosclerosis and by precipitating 

vasoconstriction over the evolving mural thrombus[396]. 
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A putative serotonergic system within the vascular wall 
 

 

Figure 11: The putative serotonergic system within the VSMC (adapted from Ni et al., 
2008[228]) 

The above figure illustrates the proposed serotonergic system within the vascular smooth muscle cells. 
Vascular smooth muscle cell is shown to possess the ability to synthesize serotonin by TPH, package 5HT 
into vesicles and secrete it. The secreted 5HT acts on the VSMCs by binding with their receptor or by 
internalization through SERT. The internalized serotonin either serotonylates proteins to cause VSMC 
proliferation or is metabolized to 5HIAA by MAO-A. Through the above-illustrated mechanism serotonin 
secreted by VSMCs would be able to propagate VSMC proliferation in an autocrine/paracrine fashion. 
(5HT –serotonin, 5HIAA – 5 hydroxy indole acetic acid, 5-HTR – serotonin receptor, AADC – amino acid 
decarboxylase, MAO- A – monoamine oxidase A, TG – Transglutaminase, TPH – tryptophan hydroxylase, 
SERT – serotonin transporter, VSMC – vascular smooth muscle cell) 
 

Recent research by Ni et al., 2008 has shown that there is a functional serotonergic 

system in peripheral blood vessels [228]. Tissue samples of rat aorta (RA) and rat 

superior mesenteric artery (SMA) were demonstrated to possess functional TPH, 

functional SERT, and functional MAO-A [228]. The authors demonstrated the presence 

of TPH1 mRNA, and TPH protein in the vessel wall [228]. The vascular tissue was 

shown to possess the ability to synthesize 5HT when incubated with exogenous 
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tryptophan and BH4 (Tetrahydrobiopterin) [228]. Immunocytochemical and 

immunohistochemistry studies, which were done on RA, and SMA blood vessel samples, 

localized TPH, SERT and MAO-A to the VSMCs [228]. The RA and SMA samples were 

shown to possess the ability to actively uptake serotonin and metabolize 5HT to 5HIAA 

[228]. Fenfluramine induced 5HT release from the blood vessels, which augmented 

epinephrine-induced vasoconstriction [228]. These results reveal that there is evidence to 

support the argument of the presence of a peripheral serotonergic system within vascular 

smooth muscle cells.  

 

However the Ni et al., 2008 study does have its set of drawbacks[228]. The research was 

done on vascular tissue samples and not VSMC isolates, except for the 

Immunocytochemical studies [228]. It could be argued that the functional activity of 

serotonin synthesis, uptake and metabolism, which was demonstrated in the study, was 

due to the platelets, mast cells, vascular endothelial cells and sympathetic nerve endings 

within the tissue and not from the VSMCs [228]. Based on the evidence derived from the 

Ni et al., 2008 study we propose that there is a peripheral serotonergic system within the 

VSMCs, the figure 11 demonstrates such a putative serotonergic system [228]. To further 

assert the possibility of a serotonergic system within VSMCs, studies that demonstrate the 

presence and functionality of TPH and SERT in isolated VSMCs are required. Serotonin 

is a known VSMC mitogen [358, 367, 383, 385, 400]. If there is a serotonergic system 

within VSMCs, VSMCs would be able to synthesize 5HT and the 5HT thus synthesized 

would be able to mediate VSMC proliferation through 5HT receptors and serotonylation, 

in an autocrine or paracrine manner [149, 228, 401]. Since 5HT has a short half-life of 1.2 
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minutes, locally synthesized serotonin would be more effective in affecting VSMC 

functions[149, 213, 228, 401].  
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SSRI (selective serotonin reuptake inhibitor) & CAD 
 

Two major clinical studies, SADHART (Sertraline Anti-Depressant Heart Attack Trial) 

and ENRICHD (Enhancing Recovery In Coronary Heart Disease) showed an association 

between SSRI therapy and a decrease in mortality and cardiac morbidity in patients with 

CAD [76, 402-410].  

 

SADHART: 

SADHART trial was designed to test the safety of sertraline in patients with CAD[411]. 

The SADHART study recruited 369 patients with CAD, 76% of the patients had MI and 

26% had unstable angina[411]. The patients were randomized to receive either sertraline 

or placebo[411]. The study concluded that sertraline had no adverse effects on cardiac 

functioning[411]. However the study made an intriguing observation, that adverse 

cardiovascular events such as CHF, stroke, angina, were numerically greater (22.4%) in 

the placebo group compared to the group that was treated with sertraline (14.5%)[411]. 

However, this difference did not reach statistical significance[411]. The researchers 

concluded that further studies were necessary to assert the secondary outcome, which 

showed a relation between CAD prognosis and sertraline treatment[411]. In a SADHART 

substudy, investigators determined that sertraline was associated with decreased platelet 

and endothelial activation markers, suggesting one mechanism by which sertraline might 

confer a morbidity and mortality advantage[412]. SADHART had the advantage of being 

a large trial, but had the disadvantage of only testing one SSRI viz. sertraline[411]. 
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ENRICHD trial:  

The ENRICHD trial had 2,481 participants[403]. The patients had history of MI and 

suffered either from major or minor depression[403]. The patients were followed up for a 

mean time period of 29 months[403, 408]. The study recorded 457 fatal, and non-fatal 

cardiovascular outcomes[403]. The risk of death or recurrent MI was significantly lower 

in patients taking SSRIs[408]. During the follow-up, 26% of patients who did not receive 

SSRIs died or had recurrent MI, among the treatment group only 21.5% had such 

outcomes of death or recurrent MI[408]. SSRI use was associated with a 43% reduction 

in the risk of death or non-fatal MI. The SSRIs used in the trial were sertraline (49.5%), 

paroxetine (28.9%), fluoxetine (13%), and citalopram (7.6%).[408] The ENRICHD study 

demonstrated a statistically significant association between decreased post MI mortality, 

and cardiovascular morbidity with SSRI therapy[408]. The study had the advantage of 

being a large, multi-center trial and the patients studied were treated with various 

different SSRIs, thus testing the effects of SSRIs in general[403, 408]. However, the 

ENRICHD study had the disadvantage of neither being randomized nor being 

controlled[403, 408]. 

 

A Cochrane systematic review demonstrated that psychological interventions and 

pharmacological interventions with SSRIs produced clinically meaningful effect on 

depression outcomes in CAD patients[413]. No beneficial effects on the reduction of 

mortality rates and cardiac events were found[413].  
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Researchers working on the topic of SSRI therapy in CAD patient have proposed various 

hypotheses to explain the association of SSRI therapy with decreased incidence of 

recurrent fatal and non-fatal MI in patients with CAD[74, 228, 376, 414-416].  

 

Serebruany et al., (2005), and Somberg et al., (2008) proposed that the decrease in the 

recurrence of MI in patients with CAD on SSRI therapy is due to SSRI’s inhibition of 

platelet aggregation, and procoagulant function[414, 415]. Myocardial infarction is a 

result of coronary thrombosis and disruption of myocardial flow due to vasoconstriction 

over a mural thrombus[392]. Platelet aggregation and platelet’s release of serotonin at the 

site of vascular injury precipitates coagulation, and vasoconstriction, respectively[417-

422]. SSRI therapy inhibits SERT in platelets, and lowers the platelet cytosolic 

concentration of serotonin[376, 418-421, 423]. Since the serotonin concentration within 

platelets is reduced due to SSRI therapy, the amount of serotonin released at the site of 

vascular injury is also reduced[376, 418-421, 423]. Serotonin participates both in platelet 

aggregation and vasoconstriction; a decrease in serotonin release by platelets at the site of 

vascular injury would result in deficient platelet aggregation and vasoconstriction[376, 

418-421, 423]. The inhibition of platelet aggregation and vasoconstriction by SSRI 

therapy would thus result in a decreased incidence of recurrent MI[376, 418-421, 423]. In 

figure 12 the hypothesis of SSRI therapy decreasing CAD mortality, through the 

inhibition of platelet functions is represented pictorially. 
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Figure 12: Platelet activation in depression leading to CAD 

The above figure represents the mechanism by which SSRIs decrease CAD mortality and morbidity. SSRI 
therapy inhibits platelet activation in patients with coronary atherosclerosis and previous history of CAD by 
decreasing the amount of serotonin released at the site of vascular injury. The decrease in serotonin release 
by platelets hampers platelet aggregation and vasoconstriction. Decrease in platelet aggregation and 
inhibition of vasoconstriction at the site of vascular injury results in decreased incidence of coronary 
thrombosis and obstruction of coronary blood flow, thus decreasing the incidence of MI. The “-“ symbol 
indicates inhibition. (CAD – coronary artery disease, Rx – therapy, SSRI – selective serotonin reuptake 
inhibitor) 
 

 

Pro-inflammatory cytokines that promote coronary atherosclerosis and CAD such as IL-1, 

IL-6 and TNF-α are over expressed in depression[74, 228]. IL-1, IL-6 and TNF-α 

stimulate vascular endothelial dysfunction and evolution of coronary atherosclerosis, thus 

furthering the incidence of CAD[74, 228]. SSRI therapy by alleviating depression is able 

to inhibit the overexpression of pro-inflammatory cytokines such as IL-1, IL-6 and TNF-

α, which promote coronary atherosclerosis and increase the incidence of CAD[74, 228]. 

The figure 13 illustrates the relationship between SSRI therapy depression, pro-

inflammatory cytokines, and CAD. 
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Figure 13: SSRI therapy and Depression induced inflammatory cytokines in 
atherosclerosis & CAD 

The figure above illustrates, pictorially, SSRI therapy alleviating depression and thus inhibiting the 
depression-induced over expression of the cytokines IL-1, IL-6 and TNF-α, and thus inhibiting the 
cytokines effect of promoting atherosclerosis and the incidence of CAD. The symbol “-ve” indicates 
inhibition. (CAD – coronary artery disease, IL – interleukin, SSRI – selective serotonin reuptake inhibitor 
TNF – tumor necrosis factor. 
 

A decrease in HRV is a predictor of mortality after myocardial infarction. After an acute 

coronary event the HRV drops and recovers, subsequently[416, 424]. Major depression 

has been demonstrated to impair this recovery[416, 424]. It has been proposed that 

depression by influencing the hypothalamic pituitary axis causes autonomic dysregulation 

and hence produces a decrease in heart rate variability[416, 424]. Studies conducted by 

McFarlane et al., (2001), and Glassman et al., (2007), demonstrate that SSRI therapy 

produce an increase in HRV[416, 424]. The authors proposed that SSRIs are able to 

normalize the autonomic dysregulation produced by depression, and are hence able to 

decrease mortality in patients post CAD[416, 424].  
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There have been multiple studies done to address the cause for the association between 

SSRI therapy and CAD mortality and morbidity. However, there is no convincing 

evidence to substantiate the various hypotheses proposed by researchers as causes for the 

link between SSRI therapy and CAD morbidity and mortality. The table 1 illustrates the 

various studies that show the effect of SSRIs on the prognosis of atherosclerotic vascular 

disease such as ischemic heart diseases and stroke. It also shows the evidence available in 

the literature that substantiates the argument that SSRIs decrease platelet activity and 

cause immunomodulation, which might be probable mechanisms for the association 

between SSRI therapy and decrease in CAD and stroke events[376]. 

 

 
Table 1: SSRIs and their effects on the etiopathogenesis and prognosis of 

atherosclerotic vascular disease 
 

 
Citalopram 
 

Taylor D (2008)[408, 
425] 

Citalopram improved mortality following 
stroke and decreased the risk of MI  

Paroxetine 
 

 
Taylor D (2008)[408, 
425] 
 

Paroxetine improved mortality following 
stroke 

Escitalopram 
 

Eller T, Vasar V, Shlik 
J, Maron E (2008)[228, 
426] 

Patients whose depression got ameliorated 
achieved a decrease in TNF-α levels at 
baseline.  

Sertraline 
 

Serebruany VL et al., 
2005 [415]  

Sertraline treatment suppressed platelet 
function 

Fluoxetine 
 

Tsao CW, Lin YS, Chen 
CC, Bai CH, Wu SR 
(2006)[74] 

Levels of cytokines and SERT represent a 
 modulatory mechanism between an immune 
response to the central nervous system and the 
pathogenesis of depression  
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Scientific premise of the research 

The scientific premise of our research, on the components of serotonergic system in 

HCASMCs, is derived through the synthesis of two associations substantiated by the 

studies reviewed in the introduction section. First, serotonin is a VSMC mitogen and 

through this action it is involved in the pathogenesis of atherosclerosis[45, 72, 358, 381-

383]. Second, SSRI therapy is clinically associated with decreased post MI mortality and 

morbidity[408, 411]. By inductive reasoning one could state that SSRIs inhibit the effect 

of serotonin on VSMC mitogenesis, in the atherosclerotic milieu, thus limiting the 

mortality and morbidity associated with CAD (since evolution and complications 

associated with an atherosclerotic plaque is the etiopathogenesis of ischemic heart 

disease, such as MI).  

 

The recent reports of an intrinsic serotonergic system in the peripheral vasculature of the 

rat, is an intriguing finding [228]. Based on this, one might argue that there might be a 

similar system in the coronary vasculature, especially within the coronary artery smooth 

muscle[228]. The presence of such a system would mean that HCASMCs could produce 

their own serotonin that can act in an autocrine and paracrine fashion to augment VSMC 

mitogenesis [228]. SSRI therapy would be able to inhibit this intrinsic serotonergic 

system of VSMCs system, as it would decrease the entry of serotonin into the HCASMC 

and inhibit HCASMC mitogenesis. This process would decrease the evolution of the 

coronary atherosclerosis and hence decrease the mortality and morbidity in CAD. This 

would also mean that serotonin induced HCASMC mitogenesis is not exclusively 

dependent on its release from platelets. 
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Figure 14: Illustration representative of the proposed study’s scientific premise. 

The figure above is an illustration of the scientific premise based on which the hypothesis of the present 
study is derived. The introduction section reviewed studies that supported: the role of 5HT as an agent that 
augments VSMC proliferation, SSRIs role in decreasing the incidence of recurrent MI, and the possibility 
of a serotonergic system within VSMC.  If there were a serotonergic system within HCASMCs that 
contributed to the HCASMCs proliferation, it would be plausible that such a system could be inhibited by 
SSRIs; hence SSRIs would be abele to impede the evolution of coronary atherosclerosis, and decrease 
recurrent MIs. The symbol “ê” denotes decrease. (5HT – serotonin, art. – arterial, prolif. – proliferation, 
CAD – coronary artery disease, VSMC – vascular smooth muscle cell) 
 

 

 

 

If the above hypothesis were indeed true, it would have far reaching clinical and 

translational ramifications. To start with, it would be a strong argument for the initiation 

of SSRI therapy in patients with CAD or CAD risk factors and co-existent depression. It 
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would also lead to further research on pharmacological agents that would be able to 

downregulate this intrinsic serotonergic system (other than SSRIs) and inhibit the 

progression of coronary atherosclerosis. The premise of our research is pictorially 

illustrated in figure 14. To substantiate such a proposition, one would have to first show 

the presence of an intrinsic serotonergic system within the HCASMC. The presence of 

5HT receptors, AADC, and MAO-A, has been demonstrated in HCASMC, by many 

research studies in the past [71, 82, 88, 228, 229, 427-433]. The presence of tryptophan 

hydroxylase and SERT in HCASMC is yet to be demonstrated.
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 Hypothesis & Specific Aims 

 

Hypothesis: 

Human coronary artery smooth muscle cells (HCASMC) possess functional tryptophan 

hydroxylase 1 and serotonin transporter. Furthermore, HCASMCs synthesize and release 

serotonin. 

 

Specific Aims: 

Specific Aim 1: To determine the expression of tryptophan hydroxylase and serotonin 

transporter, mRNA in HCASMC 

Specific Aim 2: To determine the expression of tryptophan hydroxylase and serotonin 

transporter, protein in HCASMC 

Specific Aim 3: To assess the functionality of serotonin transporter in HCASMC 

Specific Aim 4: To assess the functionality of tryptophan hydroxylase, in HCASMC
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 Materials and methods 

 

Procurement and culture of cells 
 

Procurement of HCASMCs: 

Cryopreserved adult HCASMC was obtained from Cell Applications, Inc. (San Diego, 

CA). The cells were obtained in 6 batches. The cells were obtained from live patients who 

were undergoing operative procedures on the coronary artery. All the 6 batches were 

obtained from male African-Americans aged 60 to 80 years. All the cells at the time of 

receipt were in the third passage. 

  

The cells were stored in liquid nitrogen, until the time of use. The vials were thawed and 

the cells seeded in T25 corning flasks (surface area available for cell growth: 25 cm2) 

with 4 ml of SMCM (smooth muscle cell media; Sciencell Research Laboratories, 

Carlsbad, CA, USA), 5% Heat inactivated bovine serum (Gibco, Carlsbad, CA, USA), 

Smooth Muscle Cell Growth Supplement (SMCGS; Sciencell Research Laboratories; 

0.01ml of SMCGS per 1 ml of SMCM), penicillin & streptomycin (100 I.U./mL & 100 

µg/ml; Sciencell research laboratories) and amphotericin (2.5 µg/ml; Sciencell research 

laboratories). After the initial media change, the media was changed on alternate days. 

The cells were allowed to proliferate until they achieved 75 – 80% confluence, and then 

they were used for experiments or further passaged.  The cells were maintained at 37° C 

and 5% CO2 in a CO2 incubator. The cells were passaged using trypsin (Sigma, St. 
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Louis, MO). Cells from passage 4 to passage 6 were used for cell experiments. The cells 

were spindle-shaped in morphology and had a hill and valley pattern in culture. 

 

Procurement and culture of HEK-hSERT (human embryonic kidney cells transfected with 

human SERT gene) cells: 

 

HEK-293 cells stably transfected with hSERT cDNA (HEK-hSERT) [434] were obtained 

from Dr. Randy Blakely (Vanderbilt University), for use as positive controls. HEK-

hSERT cells from passage 15 to 20 were used in experiments.  The cells were cultured in 

High glucose DMEM (4500mg/L of dextrose; Sigma, St. Louis, MO), with dialyzed FBS 

10% (Sigma), penicillin & streptomycin (100 I.U./mL & 100 µg/ml; Sciencell Research 

Laboratories), glutamine 1% (Gibco) and 250 µg/ml geneticin (Life Technologies, Grand 

Island, NY). After the initial media change, the media was changed on alternate days, the 

cells were allowed to proliferate until they achieved 75 – 80% confluence, and then they 

were used for experiments or further passaged.  The cells were passaged using trypsin 

(Sigma) and were maintained at 37° C and 5% CO2 in a CO2 incubator. 

 

Procurement and culture of NCI-H727 cells (human bronchial carcinoid cell line): 

NCI-H727 cells (ATCC, Manassas, VA) were used as a cellular positive control for 

TPH1 in experiments assessing the presence and functionality of SERT in HCASMCs. 

The culture media for NCI-H727 cells was ATCC-formulated RPMI-1640 Medium, with 

10% Heat inactivated FBS and penicillin & streptomycin (100 I.U./mL & 100 µg/ml; 

Sciencell Research Laboratories). The cells were thawed and seeded in corning flasks 

with the media. . The cells were allowed to proliferate until they achieved 75 – 80% 
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confluence, and then they were used for experiments or further passaged.  After the initial 

medium change, the medium was changed on alternate days. The cells were passaged 

using trypsin (Sigma) and were maintained at 37° C and 5% CO2 in a CO2 incubator. 

Cells from passage 16 to passage 20 were used for the experiments.
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RNA isolation 
 

RNA isolation from the cells to conduct real-time PCR (real time polymerase chain 

reaction) experiments was done with RNeasy Mini Kit (Qiagen, Hilden, Germany). The 

cells were grown to 75 to 80% confluence in T-25 flasks and were trypsinized and 

pelleted by centrifuging for 5 min at 300x g in a centrifuge tube. The supernatant was 

removed carefully by aspiration. Then the RLT Buffer (guanidine thiocyanate buffer), 

with 10 µl/ml of β-Mercapto ethanol was added to the cell pellet to disrupt the cells. The 

mixture was vortexed for 1 min. to homogenize.  One volume of 70% ethanol was added 

to the homogenized lysate, which was mixed well by pipetting.  A total of 700 µl was 

obtained, and was transferred to a RNeasy spin column. The spin column was centrifuged 

for 15 sec. at 8000x g, and 700 µl Buffer RW1 was added to the column and the column 

was then centrifuged for 15 sec. at 8000x g. The column was then washed, twice, with 

500 µl of Buffer RPE (15 s at 8000 x g). The RNA was eluted with 30–50 µl of RNase-

free water was added directly to the spin column membrane and centrifuged for 15 s at 

8000 x g to elute the RNA. The yield of RNA was quantified using GE Genequant 1300 

Spectrophotometer (GE healthcare life sciences Little Chalfont, Buckinghamshire, UK). 
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Reverse Transcription 
 

First-strand cDNA was synthesized using ImProm-IITM reverse Transcription System 

from RNA isolated from HCASMCs and positive control cells (Promega, Madison, WI). 

One microgram of total RNA was subjected to reverse transcription using a Veriti® 

Thermal Cycler (Applied Biosystems, Grand Island, NY) in a reverse transcription mix of 

20 µl total volume containing: ImProm-IITM 5X reaction Buffer (Promega; 4.0µl), 

magnesium chloride (Promega; 4.8 µl/ conc. 3mM), dNTP Mix (Promega; 1.0µl/ conc. 

0.5mM of each dNTP), RNasin® ribonuclease Inhibitor (Promega; 20u), ImProm-IITM 

reverse Transcriptase (Promega; 1.0µl/ conc. 1u/µl) and nuclease free water (Promega; to 

make a total volume of 20 µl). Briefly, 2µl of Oligo (dT) (0.5µg/l) was added to 1µg 

RNA sample and incubated at 70◦C for 5 minutes and chilled on ice, and was further 

incubated with the reverse transcription reaction mix and was placed in the Veriti® 

Thermal Cycler (Applied Biosystems). The following optimized program was used for all 

reverse transcription reactions in the thermal cycler. Annealing at 25°C for 5 minutes 

followed by extension at 42°C for 60 min., and inactivation of the reverse transcriptase at 

72°C for 15 min. cDNA once synthesized was stored at -20°C, prior to use. A minus RT 

(no reverse transcriptase) control was prepared for every sample of the RNA isolated 

from both HCASMCs and the positive control cells using the same protocol used to 

prepare cDNA in the absence of the reverse transcription enzyme. The minus RT control 

was used to detect the presence of genomic DNA in the RNA samples isolated from the 

cells.
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Real-time PCR 
 

Following the first strand synthesis, real-time PCR was done using 1 µg cDNA, 10 µl 

SYBR Green PCR master mix (Applied biosystems, Life technologies, Carlsbad, CA) and 

forward and reverse primers (10 picomol/µl) (Integrated DNA Technologies, Coralville, 

IA) using a CFX 96 - real-time PCR system (Bio-Rad, Hercules, CA). The primer 

sequences used are shown in table 2. The specificity of the primers was analyzed by 

running a melting curve. The PCR cycling conditions were 2 min at 95 °C for initial 

denaturation, followed by 44 cycles of 30 sec at 95 °C, 30 sec at 61 °C and 30 sec at 72 

°C. Final extension at 72°C for 5 min was performed. The PCR cycling conditions were 

automatically calculated by the CFX 96 real-time-PCR system (Bio-Rad) using the 

protocol-AutowriterTM (Bio-Rad) based on the annealing temperature of the primers and 

amplicon length[435]. Each real-time PCR run was carried out in triplicates and the 

threshold cycle values were averaged. Calculations of relative gene expression were 

based on the differences in the threshold cycles. The fold change in expression between 

samples was calculated by fold change = 2−ΔΔCt method [436]. The results were 

normalized to 18S rRNA expression. The real-time PCR products were subjected to gel 

electrophoresis to detect the presence of amplicons of the expected size. We sequenced 

the amplicons to detect alignment of the amplicon’s gene sequence with sequences within 

the gene of of interest.
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Agarose gel electrophoresis of real-time PCR products 
 

Real-time PCR products were subjected to agarose gel electrophoresis and subsequently 

sequenced to verify the sequence homology with known genes, using NCBI BLAST 

resource. Briefly, nine grams of agarose was added to 450 ml of 1xTAE buffer and 

microwaved for 4 minutes, until the agarose was fully dissolved. Then the mixture was 

allowed to cool down, to about 45 degree centigrade and 50 µl of Lonza gel star stain was 

added to the mixture and mixed completely, the dissolved agarose solution was 

transferred to a gel tray with gel combs positioned and the gel was allowed to polymerize. 

The combs were then taken out and then 100bp DNA ladder marker was added onto the 

wells at each end. The real-time PCR products were then loaded onto each well. The 

electrophoresis was carried out at 5 volts/cm for 2 hours. The gel was taken out and was 

viewed under an UV illuminator in the ChemiDoc MP imaging system (Bio-Rad). Images 

of the gel were then obtained. 

Table 2: The sequence of the primers used in real time PCR 

Gene of interest Primers (Integrated DNA Technologies) 

SLC6A4 (serotonin 
transporter gene) 

Forward primer (5’ – 3’): TTCCTGTCTCTCTGTGCTAAAC 
Reverse Primer (5’ – 3’): CGATTTACCCTCCTCTCTTCA 

TPH1 (Tryptophan 
hydroxylase 1 gene) 

Forward primer (5’ – 3’): CCAACCCATGCTTGCAGAGA 

Reverse Primer (5’ – 3’): GCCACAGGACGGATGGAAAA 

18S (18S ribosomal 
RNA) 

Forward primer (5’ – 3’): TCAACTTTCGATGGTAGTCGCCGT 

Reverse Primer (5’ – 3’): TTCTTGGATGTGGTAGCCGTTTCT 
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DNA gel elution: 

DNA extraction from the gel was done using the QIAquick Gel Extraction Kit (Qiagen).  

The bands of interest were carefully excised from the agarose gel, under UV light 

illumination. Two volumes of the buffer QX1 were added to the excised gel.  

The mixture was incubated on a warm plate until the gel slice completely dissolved. To 

help dissolving the gel, the mixture was vortexed every 2–3 min during the incubation. 

The sample was added to a QIAquick spin column and centrifuged for 1 min. The column 

was washed with 0.75 ml of Buffer PE and centrifuged for 1 min. and the QIAquick 

column was centrifuged for an additional 1 min at 13,000 rpm. To elute the DNA, 30 µl 

of the elution buffer was directly added to the QIAquick membrane, the column was 

incubated for 1 min, and then centrifuged for 1 min at 13,000 rpm. The eluate was used 

for sequencing. 

 

Traditional DNA sequencing  
 

Briefly, about 12 ng of amplicon eluted from the gel was mixed with 12.8 picomol of 

primer and the total volume of the mixture was adjusted to 20 µl with sterile water. 

Separate mixtures were made with the forward and the reverse primers. This DNA primer 

mix was submitted for sequencing at UNMC DNA Sequencing Core facility
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Western Blot using SDS PAGE electrophoresis 
 

Procedure for Protein Extraction & quantification: 

Cells were grown to 75-80% confluence, trypsinized then pelleted by centrifuging for 5 

min at 300x g. The supernatant media was then carefully aspirated. RIPA (Radio-

Immunoprecipitation Assay) buffer containing protease inhibitor (10µl/ml of RIPA) was 

added to the pellet. Then the tubes were incubated on ice for 15 minutes with intermittent 

mixing. The tubes were then centrifuged at 13000 rpm for 10 min at 4°C. The supernatant 

was then aliquoted into separate tubes and flash frozen with dry ice and stored at -80°C, 

until further use.  

 

The concentration of protein in each sample was measured using the Bicinchoninic acid 

(BCA) protein assay. Albumin ranging in concentration from 0.2 to 1.0 mg/ml was used 

as a standard. 10 µl of sample and standards were placed in 96 well microtiter plates. 200 

µl BC/ copper sulfate solution (1:50 dilution of 4% copper sulfate in BC solution) was 

added to each well. The microtiter plates were the incubated at 37°C for 30 min. 

Absorbance was measured at 550 nm on a plate reader (Perkin Elmer, Waltham, MA) 

 

SDS PAGE (Sodium dodecyl sulfate - Polyacrylamide gel) Electrophoresis:  

30µg of the protein derived from the samples, 10 µg of THP1 (Human acute monocytic 

leukemia cell line) whole cell lysate (used as positive control for TPH1 antibody), and 10 

µg of Serotonin transporter over expression lysate (used as positive control for SERT 

antibody); were separately mixed with Laemmli loading buffer (Bio-Rad), and 10% beta 

mercaptoethanol.  Then they were subjected to PAGE (polyacrylamide gel 
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electrophoresis; Bio-Rad, Hercules, CA) using the 10x tris-glycine SDS (sodium dodecyl 

sulfate) running buffer (Biorad). After electrophoresis the protein were transferred from a 

gel onto a nitrocellulose membrane (Biorad, Hercules, CA) in ice-cold 10x tris-glycine 

transfer buffer (Biorad).  For antibody detection of the specific proteins, the membrane 

was blocked in 5% non – fat dry milk for 1 hour. After blocking, the membrane was 

incubated overnight with a diluted solution of the primary antibody under gentle agitation 

at 4°C (the primary antibodies used are mentioned in table 3). The membrane was then 

washed three times (10 min each) with washing buffer (PBS with 0.05% Tween-20) to 

remove unbound primary antibody. Then the membrane was exposed to the secondary 

antibody, anti-rabbit antibody conjugated to horseradish peroxidase (1:1000, Novus 

Biological, Littleton, CO); directed at species-specific epitopes of the primary antibody. 

The membrane was incubated for 1hr at room temperature, under gentle agitation. The 

membrane was then washed three times with washing buffer and the immunoblot was 

developed with ECL chemiluminescence detection reagent (Amersham Pharmacia 

Biotech, Piscataway, NJ). The chemiluminescence of the protein bands was detected, and 

the images were captured using the ChemiDoc™ MP Imaging system (Biorad, Hercules, 

CA).   Results were normalized against the expression of the reference protein GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase). Densitometry measurement for 

quantification of the relative protein expression was performed using ImageJ software 

developed for Mac OSX by NIH. 
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Table 3: Antibody used for protein characterization in Western blot experiments and their 

respective positive controls 
 
Protein of interest  Primary antibody used for 

western blot 
Positive control for antibody 

SERT (serotonin 
transporter) 

Anti rabbit Serotonin transporter 
poly clonal antibody  
(H00006532-D01P/ Novus 
biological, Littleton, CO)/ conc. 
1mg/ml/ 1:500 dilution 

Serotonin transporter overexpression 293T 
cell lysate  
 
(H00006532-T01/ Novus biological, 
Littleton, CO) 

TPH1 (Tryptophan 
hydroxylase 1) 

Anti rabbit Tryptophan hydroxylase 
antibody [EP1311Y] 
(ab52954) – Abcam, Cambridge, 
MA/ conc. 0.5mg/ml/ 1:500 
dilution 

THP1 (Human acute monocytic leukemia 
cell line) whole cell lysate  
(ab7913) - Abcam, Cambridge, MA 

GAPDH Anti rabbit GAPDH antibody  
(NB300-322 / Novus biological, 
Littleton, CO)/ 1:500 dilution 

GAPDH present in the whole cell lysates 
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Serotonin Transporter Uptake Assay 
 

 

 

Figure 15: Neurotransmitter Transporter Uptake Assay principle 

The figure above illustrates the principle of the SERT assay used to measure SERT activity.  The solution 
provided by the manufacturers has both the masking dye and the serotonin imitating flurophores. The 
flurophores is internalized by active SERT on the cells, the flurophores that are not internalized bind to the 
masking dye. The fluorescence emitted by the serotonin-imitating flurophores from within the cell is 
directly proportional to the SERT activity 
 

 

The Neurotransmitter Transporter Uptake Assay Kit (Molecular Devices, LLC, 

Sunnyvale, CA, R8173) is a fluorescence-based assay for the detection of serotonin 

transporter activity in cells. The kit employs a fluorescent substrate that mimics serotonin, 

which is taken into the cell through serotonin transporter, resulting in increased 

intracellular fluorescence. The flurophores not transported into the cell (extracellular) 

bind to the masking dye in the kit reagent. The fluorescence intensity of the free, 

serotonin-mimicking flurophores, within the cell is a function of the activity of the 
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serotonin transporters expressed on the cell surface. The neurotransmitter uptake assay’s 

principle is illustrated in the figure 15. 

 

Cells were seeded in a 96 well microtiter plate at a density of 40,000 cells/well in a 

volume of 100µL. Four of the wells were not seeded with any cells and they served as 

blanks in the experiment. Half of the wells (except for the four blank wells) were seeded 

with HCASMC cells while the other half were seeded with HEK-hSERT cells. Then the 

cells were allowed to adhere and acclimate to the plate for 24 hours prior to assaying, in 

the incubator at 37°C with 5% CO2. The wells containing cells were split into two equal 

groups, viz. control and test. The grouping was made in such a way that both the groups 

had equal number of HCASMC, HEK-hSERT wells. One L of 1X HBSS (Hank's 

Balanced Salt Solution, Sigma Aldrich, St. Louis, MO) was prepared by pipetting 100 ml 

10X Hank’s Balanced Salt Solution and 20 mL of 1M HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, Sigma Aldrich) buffer solution into 880 mL of water. The 

dye solution is prepared by reconstituting the lyophilized fluorescent dye/masking dye 

from each vial, with 10 mL of 1X HBSS. The solution was mixed by vortexing, until the 

contents of vial were completely dissolved. 

 

The microtiter plates with the cells were removed from the incubator, after 24 hours of 

incubation. The media was aspirated from the wells. Hundred microliters of 1X HBSS 

solution is added to each test well. Hundred microliters mixture of 1X HBSS solution 

with fluoxetine, at a concentration of 100µg/ml, is added to each control well. Then the 

plates were incubated at 37°C for 30 minutes, to allow the binding of fluoxetine to the 

transporter. Hundred microliters of 1X HBSS was added to two of the blank wells, whilst 
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100 µl of dye solution was added to the other two.  The plate was then directly transferred 

to the EnSpire® Multimode Plate Reader (Perkin Elmer, Waltham, MA) and incubated 

for a further 10 min at 37°C and then read at endpoint read mode. The serotonin 

transporter assay’s protocol is illustrated as a flowchart in figure 16. 

 

 

 

 

Figure 16: Serotonin transporter assay  

(Compound: Fluoxetine (100 µg/ml)) 
 

The flow chart represents the methodology of the SERT assay. It illustrates each step from the culturing of 
the cells in 96 well micro-titer plates to the end-point assay step.  
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TPH enzymatic activity determination 
 

To determine the enzymatic activity of TPH, we adapted the technique and protocol 

employed by Hasegawa et al., 1999 [437].  NCI-H727 bronchial carcinoid cells served as 

positive controls. 

Preparation of preincubation and incubation cocktails: 

The preincubation mixture for ‘ferrous-iron activation’ contained ferrous ammonium 

sulfate (Sigma) at a concentration of  50 µM, dithiothreitol (DTT) at a concentration of 30 

mM (Sigma), catalase (4 mg/mL, bovine liver; Sigma), and Tris/acetate (Sigma) (pH 8.1) 

at a concentration of 0.1M in a total volume of 50 mL. 

The incubation mixture was prepared by adding L – tryptophan at a concentration of 0.25 

mM,  (6R)-l-erythro-tetrahydrobiopterin at a concentration of 0.4 mM, NADH 

(nicotinamide adenine dinucleotide) at a concentration of 0.5 mM, NSD-1015 (aromatic 

amino acid decarboxylase/ 3-Hydroxybenzylhydrazine dihydrochloride; Sigma)  at a 

concentration of 1 mM, dihydropteridine reductase at a concentration of 4.5 µg/mL, from 

sheep liver (Sigma), catalase at a concentration of 2 mg/mL (Sigma), and potassium 

phosphate (pH 6.9) at a concentration of 0.1M (Sigma). NSD -1015 is an inhibitor of the 

aromatic amino acid decarboxylase, the enzyme that converts 5-hydroxy tryptophan to 

serotonin[438]. NSD 1015 is added to aid in the accumulation of 5-hydroxy tryptophan 

the direct product of TPH’s enzymatic activity. 

Trypsinized cells were first disrupted by two cycles of freezing and thawing at 5 min 

intervals and to the cell lysate thus obtained from each T-25 corning flask 20 µL of 
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(Ca2+/Mg2+minus) PBS was added. Fifty microliters of the pre incubation cocktail was 

then added to the lysate from each T-25 flask and incubated at 30°C for 15 min. To this 

mixture 100 µL of the incubation cocktail was added to initiate the reaction. Once the 

incubation cocktail was added, the mixture was incubated at 30°C for an additional 10 

min. The reaction was quenched with 10 µL of 40% trichloroacetic acid. The samples 

were then centrifuged at 12,000g for 10 min to pellet precipitated protein. The 

supernatant was subjected to UPLC to detect the presence of 5-hydroxy tryptophan. 

UPLC (ultra performance liquid chromatography) determination of 5-Hydroxytraptophan 

from the enzymatic reaction: 

5-hydroxytraptophan (Sigma) and serotonin (Sigma) were used as chemical standards for 

the UPLC experiment. The mobile phase of the UPLC chromatography consisted of, 

methanol (HPLC (high performance liquid chromatography) grade; Sigma) and 

acetonitrile (HPLC grade; Sigma), sodium acetate (HPLC grade; Sigma). Formic acid 

solution (HPLC grade; in 50% water; Sigma) was used as a buffer.  

Chromatographic Assay:  

Fifty microliters of the supernatant from the reaction mixture was injected into the Waters 

ACQUITY UPLC system equipped with a quaternary solvent delivery manager and a 

sample manager (Waters Corporation, Milford, MA). Chromatographic separations were 

performed on a 2.1 × 50 mm 1.7 µm ACQUITY BEH C18 chromatography column 

(Waters Corporation, Milford, MA). The mobile phase was a 90:7:5 mixture of 40 mM of 

sodium acetate (pH adjusted to 3.5 with formic acid), acetonitrile and methanol at a flow 

rate of 1 mL/min. 
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 Results 

Real-time PCR results 
 

The melt curve of the real-time PCR products (temperature in Celsius vs. the first 

negative derivative of the rate of change of fluorescence (-d (RFU)/dT)) derived from the 

HCASMC samples and positive controls (HEK-hSERT), using the primer pair S2 

(primers used to amplify sequences within the SERT gene), displayed sharp peaks, a 

representative melt curve of the same is shown in figure 17. The sharp melt peaks of the 

real-time PCR products derived from the HCASMC and HEK-hSERT cDNA, indicate the 

specificity of the S2 primer pair, and that the real-time PCR run amplified only amplicons 

of a particular nucleotide length and sequence. A representative amplification curve of the 

real-time PCR products derived from HCASMC and HEK-hSERT cDNA, amplified 

using S2 primer pairs, which depicts the Cycles vs. Relative fluorescence units, is shown 

in figure 18. The wells with lower Ct (cycle threshold) values were the ones with cDNA 

from the HEK-hSERT cells, and the wells with the higher Ct value were the ones with 

cDNA from HCASMC. This indicates that the amplicons derived from HEK-hSERT 

were more in quantity than that of the amplicons derived from HCASMC cDNA. 

   

     The melt curve of the real-time PCR products derived from all the HCASMC samples 

and positive controls (NCI-H727), using the primer pair T3 (primers used to amplify 

sequences within the TPH1 gene), displayed sharp peaks, a representative melt curve of 

the same is shown in figure 19. The sharp melt peaks of the real-time PCR products 

derived from the HCASMC and NCI-H727 cDNA, indicate the specificity of the T3 

primer pair, and that the real-time PCR amplified only amplicons of a particular 
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nucleotide length and sequence particular amplicon. A representative amplification curve 

of the real time products derived from HCASMC and NCI-H727 cDNA, amplified using 

T3 primer pairs, which depicts the Cycles vs. Relative fluorescence units, is shown in 

figure 20. The wells with lower Ct values were the ones with cDNA from the NCI-H727 

cells, and the wells with the higher Ct value were the ones with cDNA from HCASMC. 

This indicates that the amplicons derived from NCI-H727 were more in quantity than that 

of the amplicons derived from HCASMC cDNA. The minus RT controls derived from 

both the HCASMC and positive control cells RNA failed to reveal any amplification in 

the real-time PCR  reactions, confirming the absence of genomic DNA in the RNA 

samples isolated from HCASMCs and the positive control cells. 

 

 

Figure 17: A representative melt curve of the SERT real-time PCR products 

 
The above graph is representative of multiple real-time PCR runs. The melt curve is a graph plotted with 
temperature in Celsius vs. the first negative derivative of the rate change of fluorescence (-d(RFU)/dT).The 
above melt curve is of real-time PCR products derived from HCASMC and HEK-hSERT cDNA, amplified 
using S2 primers (SERT primers). It illustrates the sharp melt peaks of the real-time PCR products derived 
from the HCASMC and HEK-hSERT cDNA, indicating the specificity of the S2 primer pair and that the 
real-time PCR run amplified only amplicons of a particular nucleotide length and sequence. 
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Figure 18: A representative amplification curve of SERT cDNA templates 

 
The above amplification graph is representative of multiple real-time PCR runs. The figure 18 is the 
amplification curve of real-time PCR products derived from HCASMC and HEK-hSERT cDNA, amplified 
using S2 primers (SERT primers). The wells with lower Ct values were the ones with cDNA from the HEK-
hSERT cells, and the wells with the higher Ct value were the ones with cDNA from HCASMC. This 
indicates that the amplicons derived from HEK-hSERT were more in quantity than that of the amplicons 
derived from HCASMC cDNA. 
 

 

Figure 19: A representative melt curve of TPH1 real-time PCR products 

 
The graph is representative of multiple real-time PCR runs. The melt curve is a graph plotted with 
temperature in Celsius vs. the first negative derivative of the rate change of fluorescence (-d (RFU)/dT). 
The above melt curve is of real-time PCR products derived from HCASMC and NCI-H727 cDNA, 
amplified using T3 primer pair (TPH1 primers). It illustrates the sharp melt peaks of the real-time PCR 
products derived from the HCASMC and NCI-H727 cDNA, indicating the specificity of the T3 primer pair 
and that the real-time PCR run amplified only amplicons of a particular nucleotide length and sequence. 
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Figure 20: A representative amplification curve of SERT cDNA templates 

 
The above amplification graph is representative of multiple real-time PCR runs. The figure 20 is the 
amplification curve of real-time PCR products derived from HCASMC and NCI-H727 cDNA, amplified 
using T3 primers (TPH1 primers). The wells with lower Ct values were the ones with cDNA from the NCI-
H727 cells, and the wells with the higher Ct value were the ones with cDNA from HCASMC. This indicates 
that the amplicons derived from NCI-H727 were more in quantity than that of the amplicons derived from 
HCASMC cDNA. 
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Relative normalized expression of SERT & TPH1: 

      The relative normalized expression of the mRNA transcripts was calculated using the 

2-ΔΔCt method[436]. 18S rRNA was used as the reference gene. The bar charts in figure 21 

and figure 22 show the comparison between the expression of SERT and TPH1 between 

HCASMC samples and their respective positive controls. From figure 21 it is apparent 

that there is not much of a difference in the normalized expression of SERT between 

HCASMC and HEK-hSERT. The figure 22 illustrates a relatively higher expression of 

TPH1 in NCI-H7272 compared to HCASMCs. 

 

 

 

 

 

Figure 21: SERT mRNA relative normalized expression.  

The bar chart is the mean ± SEM of relative normalized SERT mRNA expression in HCASMC and HEK-
hSERT. The data was derived from experiments conducted on six different samples (HCASMC) and 
controls (HEK-hSERT). Each and every sample and control used in the real-time PCR run were in 
triplicates. The relative expression of SERT was normalized against the expression of the reference 
gene18S rRNA, using 2-ΔΔCt method. (N=6). 
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Figure 22: TPH1 mRNA relative normalized expression. 

 
The bar chart is the mean ± SEM of relative normalized TPH1 mRNA expression in HCASMC and NCI-
H727. The data was derived from experiments conducted on 6 different samples (HCASMC) and controls 
(NCI-H727). Each and every sample and control used in the real-time PCR run were in triplicates. The 
relative expression of TPH1 was normalized against the expression of the reference gene18S rRNA, using 
2-ΔΔCt method. (N=6). 
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DNA gel electrophoresis of real-time PCR product  
 

To confirm the specificity of the primer pairs used, the real-time PCR products obtained 

were subjected to 2% agarose gel electrophoresis.  The real-time PCR product derived 

from HCASMC cells, using S2 pair of primer, formed a single band at just above the 

200bp mark, thus confirming the specificity and selectivity of the primer pair. The 

expected amplicon size of the primer pair S2 is 221bp. Though S1 and S2 primer pairs 

were used in the first real-time PCR run, to check primer specificity, we chose to use S2 

for our real-time PCR experiments. The image obtained from the gel is depicted in figure 

23. The real-time PCR product derived from HCASMC cells, using T3 pair of primer, 

produced a single band between the 100bp and 200bp mark. The expected amplicon size 

of the T3 primer pair was 143bp. The image obtained from the gel is depicted in figure 

24.  
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Figure 23: DNA electrophoresis of SERT real-time PCR products derived from 
HCASMC. 

   

The real-time PCR products derived from HCASMC-cDNA template, using S1 and S2 primer pairs were 
subjected to gel electrophoresis. A single band was obtained from the products of the real-time PCR runs 
that used both S1 and S2. The real-time PCR products produced a single band at a length between 200 and 
300bp (expected 221bp). Since a single band was obtained it indicates the specificity of the S2 primer pair. 
Only the S2 primer pair was used for the real-time PCR experiments. 
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Figure 24: DNA gel electrophoresis of TPH1 real-time PCR products, from HCASMC. 

The real-time PCR products derived from HCASMC-cDNA template, using T3 primer pairs were subjected 
to gel electrophoresis. A single band was obtained, with a length between100 and 200bp  (expected 143bp). 
Since a single band was obtained it indicates the specificity of the T3 primer pair. 
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Results of the gene sequencing 
 

The bands that were obtained through the DNA gel electrophoresis of the real-time PCR 

products were eluted and sequenced. The gene sequencing was done to confirm that the 

amplicons obtained from HCASMC cDNA, using the S2 and T3 primer pairs, possessed 

sequences, which aligned with SERT and TPH1 (the target genes of interest). In other 

words the sequencing of the amplicons was done to confirm that the S2 and T3 primer 

pairs amplified sequences within SERT and TPH1 genes, respectively.  The sequence of 

the amplicons and the gene sequencing chromatogram is displayed in figures 25, 26, 27 

and 28. The alignment of the gene sequence of the amplicons with SERT (SLC6A4 gene) 

and TPH1 gene sequence was checked using Basic Local Alignment Search Tool. The 

sequence of the amplicons derived from HCASMC cDNA templates, using S2 primer 

pair and the T3 primer pair, had 100% alignment with SLC6A4 mRNA and TPH1 mRNA 

respectively.  
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Figure 25: Gene sequencing chromatogram-output from SERT amplicons, from forward 
primer set. 

 
The chromatogram illustrates the chromatogram obtained when the amplicons from the band of interest in 
figure 23 and S2 forward primer. The figure also illustrates the gene sequence obtained when the forward 
primer was used along with the amplicon. 
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Figure 26: Gene sequencing chromatogram-output from SERT amplicons, from reverse 
primer set. 

 
The chromatogram illustrates the chromatogram obtained when the amplicons from the band of interest in 
figure 23 and S2 reverse primer. The figure also illustrates the gene sequence obtained when the reverse 
primer was used along with the amplicon.
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Figure 27: Gene sequencing chromatogram-output from TPH1 amplicons, from forward 
primer set. 

 
The chromatogram illustrates the chromatogram obtained when the amplicons from the band of interest in 
figure 24 and T3 forward primer. The figure also illustrates the gene sequence obtained when the forward 
was used along with the amplicon. 

 
 
 
 
 

 
 
 
 
 
 



 
 
 

86 

 
Figure 28: Gene sequencing chromatogram-output from TPH1 amplicons, from the 

reverse primer set. 

 
The chromatogram illustrates the chromatogram obtained when the amplicons from the band of interest in 
figure 24 and T3 reverse primer. The figure also illustrates the gene sequence obtained when the reverse 
primer was used along with the amplicon. 
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Western Blot results 
 

To determine the expression of SERT and TPH1 protein, we performed western blot 

using the protein extracted from HCASMC, and the whole cell lysates that were used as 

positive controls (THP1 whole cell lysate for TPH1 and Serotonin transporter 

overexpression 293T cell lysate for SERT). GAPDH was used as the loading control. The 

blots, which show the band at the expected molecular weights, are displayed in figure 29 

and figure 31. To quantitate the relative amount of protein expressed, densitometry was 

done using ImageJ software[439, 440]. They are displayed as bar charts in figure 30 and 

32. 

 

Figure 29: Representative Western BLOT displaying SERT protein. 

 
The above figure displays the western blot obtained from HCASMC and Serotonin transporter 
overexpression 293T cell lysate (positive control), using antibody against SERT protein.  The panel marked 
as SERT shows 3 representative bands derived from HCASMC at 70 kDa, which corresponds to the size of 
the SERT protein. The panel below shows the GAPDH bands for the respective HCASMC samples and 
positive control. 
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Figure 30: Quantification of SERT protein expressed in HCASMC, using densitometry.  

 
The bar chart depicts the adjusted relative optical density (normalized to GAPDH) of SERT protein bands 
in the six HCASMC samples. The densitometry was done using ImageJ software. (N=6) (S1-S6 – 
HCASMC samples) 
 
 

 

 
Figure 31: Representative Western BLOT displaying TPH1 protein. 

 
The above figure displays the western blot obtained from HCASMC and THP1 whole cell lysate (positive 
control), using antibody against TPH1 protein.  The panel marked as TPH1 shows 3 representative bands 
derived from HCASMC at 51 kDa, which corresponds to the size of the TPH1 protein. The panel below 
shows the GAPDH bands for the respective HCASMC samples and positive control. 
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Figure 32: Quantification of TPH1 protein expressed in HCASMC, using densitometry. 

 
The bar chart depicts the adjusted relative optical density (normalized to GAPDH) of TPH1 protein bands 
in the six HCASMC samples. The densitometry was done using ImageJ software.  (N=6) (S1-S6 – 
HCASMC samples) 
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SERT assay  
 

The results of the endpoint assay obtained as fluorescence reading on the plate reader is 

displayed as a bar chart in figure 33. The assay is shown as a bar graph depicting the 

fluorescence intensity emitted at the end of the reaction, which were run as triplicates 

from 6 different samples of HCASMCs and HEK-hSERT cell groups. The endpoint assay 

illustrates the presence of SERT activity in both HEK-hSERT cells and HCASMCs. This 

activity is inhibited by fluoxetine, and this causes a relative decrease in fluorescence. 

 

 

Figure 33: SERT activity endpoint assay 

 
The data is displayed as a measure of blank corrected fluorescence intensity at the end of the reaction, from 
each cell group. Data shown is mean ± SEM of the RFU, at the end point of SERT assay of each cell group, 
and is derived from experiments conducted on 6 different samples and controls (in triplicates). (HSERT – 
HEK hSERT cells, F – Fluoxetine) (N=6)
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TPH activity assay results 
 

To determine TPH activity in HCASMCs we provided the cells with the substrate and 

catalyst of the enzyme viz. tryptophan and tetrahydrobiopterin. At the end of the TPH 

enzymatic reaction we confirmed the presence of the TPH enzymatic reaction’s product 

viz. 5-hydroxy tryptophan by UPLC. Initially standards of 5-hydroxy tryptophan and 

tryptophan were used to measure the retention time by UPLC.  The retention time of 

tryptophan and 5-hydroxytraptophan standards were 1.008 min and 0.567 min 

respectively. The chromatograms that depict the retention times of the standards are 

shown in figure 34 and 35. The enzyme reaction is quenched and the sample is 

centrifuged, and the supernatant were subjected to UPLC to detect the presence of 5-

hydroxy tryptophan. The reaction product 5-hydroxy tryptophan and the substrate 

tryptophan were both detected as peaks in the UPLC chromatogram at a retention time of 

0.5203(± SEM 0.0021) min and 1.2103 (± SEM 0.0037) min respectively, in all the 6 

HCASMC samples. In NCI-H727 (positive controls) samples 5-hydroxy tryptophan and 

tryptophan was detected as peaks in the UPLC chromatogram at 0.5223(± SEM 0.0027) 

min and 1.2092 (± SEM 0.0031) min, respectively. The UPLC chromatograms that show 

the presence of 5-HTP (5-hydroxy tryptophan) in the HCASMC and NCI-H727 samples 

are shown in figure 36 and 37 The detection of 5-hydroxy tryptophan in the reaction 

supernatant demonstrates TPH activity in the HCASMCs and NCI-H727 cells. The 

presence of tryptophan in both the HCASMC and HEK-hSERT sample demonstrates that 

all of the substrate that was added to initiate the reaction was not converted to 5-hydroxy 

tryptophan. 
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Figure 34: UPLC Chromatogram of Tryptophan standard 

 
The chromatogram shows a sharp peak at 1.008 minutes. This shows that the tryptophan standard’s 
retention time is 1.008 minute. 

 
 

 

 
Figure 35: UPLC Chromatogram of 5-Hydroxytryptophan (5HTP) standard 

 
The chromatogram shows a sharp peak at 0.567 minutes. This shows that the 5HTP standard’s retention 
time is 0.567 minute. 
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Figure 36: UPLC Chromatogram of TPH reaction supernatant from HCASMC 

 
A Representative chromatogram that illustrates peak A that corresponds to a retention time of 0.520 min, 
which is 5-HTP. The detection of 5-hydroxy tryptophan in the HCASMC reaction sample demonstrates 
TPH activity in HCASMCs. The peak B at a retention time of 1.201 illustrates the presence of tryptophan in 
the reaction sample. 
 

 

 

 
 

Figure 37: UPLC Chromatogram of TPH reaction supernatant from NCI-H727 cells. 

 
A Representative chromatogram of the NCI-H727 TPH reaction sample that illustrates two peaks the first 
one from the left corresponds to a retention time of 0.520 min, which is 5-hydroxy tryptophan. The 
detection of 5-hydroxy tryptophan in the NCI-H727 reaction sample demonstrates TPH activity in NCI-
H727 cells. The second peak from the left with a retention time of 1.201 illustrates the presence of 
tryptophan in the reaction sample. 

 

 



 
 
 

94 

 Discussion 

Coronary artery diseases are one of the major causes of morbidity and mortality, both in 

the US and worldwide[392]. Many patients who are either afflicted with or prone to 

coronary artery disease are affected by major depression, as co-morbidity[414]. This 

subset of patient population is treated with various anti-depressants, including SSRIs, to 

ameliorate their symptoms of depression[414]. Clinical studies such as SADHART and 

ENRICHD have demonstrated a decrease in mortality and recurrent MI (nonfatal) 

following SSRI therapy in CAD patients as incidental findings [190, 376, 403, 409-411, 

413, 416]. Based on this clinical association one could construe that SSRIs directly or 

indirectly affect the progression of coronary atherosclerosis. 

 

Many mechanisms have been postulated to be responsible for the association between 

SSRI therapy and the decrease in mortality and morbidity in individuals with CAD. This 

includes the decrease in serotonin released by platelets at the site of a coronary 

atherosclerotic plaque, downregulation of inflammatory cytokine secretion by SSRIs in 

depression [376], and SSRI’s effects on autonomic regulation of cardiac functions[376]. 

However, none of these postulations have been substantiated with evidence. Serotonin is 

a known inducer of VSMC proliferation, and its role in atherosclerosis has been well 

documented[45, 72, 358]. SSRIs could prevent the uptake and hence decrease the storage 

pool of peripheral serotonin within cells such as platelets[441]. This would result in a 

decrease in the quantity of serotonin released by the serotonin synthesizing cells and 

hence a reduced effect on VSMC proliferation. This particular possibility is yet to be 

explored as a mechanism that links SSRIs effects on coronary atherosclerosis.  
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Ni et al., 2008, outlined the probable existence of a serotonergic system within the 

peripheral arterial wall, particularly, within the VSMCs of the arterial media of the rat 

aorta and superior mesenteric artery. [228]. The demonstration of a peripheral 

serotonergic system in the arterial wall by Ni et al., 2008, and the existing evidence for 

the presence of peripheral serotonergic system in various organ such as bone, placenta, 

pancreas, and mammary gland; encouraged us to hypothesize that there is a serotonergic 

system in HCASMCs. If this proposition of the presence of a serotonergic system within 

HCASMCs was indeed true, one could argue that the serotonergic system within the 

HCASMCs could produce serotonin that could act in a paracrine fashion and stimulate 

HCASMC mitogenesis and cause the progression of coronary atherosclerosis and CAD. 

By downregulating this system SSRIs could retard the progression of coronary 

atherosclerosis and hence CAD to MI. To substantiate this hypothesis we would have to 

first demonstrate the presence and functionality of the essential components of the 

serotonergic system within HCASMCs. Hence we designed a research study to document 

the presence of functional SERT and TPH, two critical components of the serotonergic 

system, in HCASMCs. 

 

SERT activity has been shown in various tissues such as the brain, cerebral 

microcirculation, placenta, pulmonary vasculature, gut, and blood platelets[144, 147, 188, 

201, 373]. SERT’s presence was first shown localized to the membrane of serotonergic 

axon terminals (where it terminates the action of 5HT in the synapse)[55, 142, 144]. 

SERT on blood platelets plays an important role of concentrating serotonin[55, 142, 144]. 

SERT in the placenta regulates vascular contraction within the embryonic tissue[145]. 
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Anti-depressant and other psychoactive drugs exert their function by affecting SERT’s 

function[146] Though there is evidence of the involvement of SSRIs in affecting the 

prognosis of CAD[402], the presence of SERT in coronary artery smooth muscles has not 

been documented. SERT has been demonstrated in pulmonary vascular smooth muscle 

cells of the rat, and human brain vascular smooth muscle cells[147, 373]. Ni et al., 2008 

showed the presence of SERT in arterial tissue such as rat aorta and mesenteric 

vessels[228]. In our research we have demonstrated, for the first time, the expression of 

functional SERT in human coronary artery smooth muscle cells. Our research shows the 

presence of SERT mRNA transcripts, protein and SERT activity as determined by the 

SERT assay (figure 17, 18, 21, 29, 30, 33).  

    

 The real-time PCR conducted on the HCASMC RNA, detected the presence of SERT 

mRNA (depicted in figure 17 and figure 18). The specificity of the real-time PCR product 

was confirmed using DNA gel electrophoresis and sequencing (depicted in figure 23 and 

figure 24). Western blot of the protein extracted from HCASMC revealed bands that were 

at positions specific to the molecular weight of SERT (70.325 kDa) (illustrated in figure 

29 to figure 32). The SERT end-point assay shows that the activity of SERT in 

HCASMCs treated with fluoxetine is more than the HCASMC not treated with 

fluoxetine, demonstrating the presence of functional SERT in HCASMCs (figure 33). The 

presence of some SERT activity, as demonstrated in figure 39, in HCASMCs and NCI 

H727 cells treated with fluoxetine signifies that the SSRI does not block all the available 

serotonin transporters in the cells. 
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Tryptophan hydroxylase is an enzyme found in all tissues capable of synthesizing 

serotonin. It catalyzes the rate-limiting step in serotonin synthesis[34-44]. The presence 

of two major isoforms of the enzyme has been documented[37]. TPH1 is found both in 

the CNS and peripheral tissue, while TPH2 is found exclusively in the CNS[34-44]. 

TPH1 is found in the enterochromaffin cells of the gastrointestinal tract, and in the cells 

of the autonomic nervous system and the myenteric plexus[188]. Basu et al., 2008 

demonstrated the presence of TPH2 in the two-cell embryo to the blastocyst stage[238]. 

Expression of TPH1 mRNA has been documented in the trophoblastic layer of the 

placenta[188]. Presence of TPH1 has been shown in other tissues such as the osteoclasts 

of the bone, mammary gland, and pancreas[188].  

  

 Ni et al., 2008 showed the presence of TPH1 mRNA in peripheral arterial tissue of the 

rat[228]. The presence of TPH in human coronary artery smooth muscle cells is yet to be 

explored. By demonstrating the presence of active TPH in HCASMCs one could propose 

the ability of the cells to secrete serotonin. In our research we have, for the first time, 

demonstrated the presence of functional TPH1 in human coronary artery smooth muscle 

cells. Our research showed presence of TPH1 mRNA transcripts, protein and the presence 

of TPH activity as determined by the UPLC aided enzymatic assay. 

 

    Real-time PCR of the RNA extracted from HCASMC demonstrated the presence of 

TPH1 mRNA with single peaks on the melt curves (figure 19 and 20). The specificity of 

the real-time PCR product was further substantiated using DNA gel electrophoresis and 

sequencing (figure 24). NCI –H727 cell line are human lung carcinoid cells, derived from 

non-functioning well-differentiated neuroendocrine tumor of the bronchus, these cells 
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produce substantially large amounts of serotonin and express TPH profusely[442, 443], 

this might account for the considerable difference in the expression of TPH between 

HCASMCs and NCI-H727 cells (figure 22). 

 

   Western blot of the protein extracted from HCASMC revealed bands that were at 

positions specific to the molecular weight of TPH1 (51 kDa) (figure 31 and 32). The cell 

lysate of HCASMC treated with L-tryptophan and tetrahydrobiopterin were able to 

produce of 5-hydroxy tryptophan as demonstrated by our UPLC readings (figures 36 and 

37). This finding demonstrates the functionality of TPH in HCASMCs. Based on the 

chromatograms derived from the UPLC, TPH activity of HCASMCs seems to be almost 

similar to that of NCI-H727 cells (almost similar amount of 5-hydroxy tryptophan 

production), however, the amount of substrate (tryptophan) the TPH converts seems to be 

lower for a given amount of protein (specific activity of TPH). This might be due to 

qualitative differences between the TPH expressed in HCASMCs and NCI-H727 cells, 

such as the amount of phosphorylated enzyme, in an activated state, in NCI-H727 cells. 

The phosphorylated TPH is known to possess more specific activity than that of the 

unphosphorylated form[98, 444]. 

 

Tryptophan 2,3-dioxygenase (TDO) converts the majority of the consumed tryptophan to 

kynurenine, hence only a minor amount of the tryptophan consumed is shunted into the 

serotonin pathway by tryptophan hydroxylase[445]. Any difference in the activity of 

TDO between HCASMC and the NCI-H727 cells might account for the difference in 

tryptophan handling between HCASMCs and NCI-H727 cells. Further research is 

necessary to study the activity of the kynurenine pathway in HCASMCs. 
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   Having shown the presence of both SERT and TPH in the HCASMC, we have been 

able to demonstrate the presence of required components of a serotonergic system that 

has both an effector and affector arm of the serotonergic system within it.  The 

demonstration of active TPH in the HCASMCs means that the cells have the required 

machinery to synthesize serotonin. The presence of active SERT suggests that serotonin 

can be transported into HCASMCs, wherein it might play a role in serotonylation, thus 

propagating HCASMC proliferation. The presence of various 5HT receptors on 

HCASMCs, the other branch of the effector arm of the serotonergic system, has been 

documented in many research papers[55, 359, 361].  

 

  This intrinsic serotonergic system could be regulated just like any other serotonergic 

system elsewhere in the body, as it possesses the same basic components viz. SERT, and 

TPH. By regulating the phosphorylation of TPH various cytokines, hormones would be 

able to regulate the synthesis of serotonin. Pharmacological substances such as SSRIs 

would be able to interact with the SERT regulating serotonin’s internalization and hence 

its ability to participate in serotonylation within HCASMCs. Since extracellular serotonin 

has a short half-life of 1.2 minutes [213], concentration of serotonin within the cells plays 

an important role in the preservation of serotonin activity. Though we might be able to 

postulate endlessly based on these in vitro results, only in-vivo studies would be able to 

throw light on the relevance of this system in a dynamic environment. 

 

  The recent demonstration of serotonergic system in various peripheral tissues is 

scientifically intriguing. One might argue that this evidence suggests the existence of 
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local neurotransmitter systems, similar to cells in the gut, in various tissues. These local 

systems though miniscule might possess considerable physiological significance. In the 

case of serotonin, an increase in its blood concentration does not always correlate with 

essential hypertension or atherosclerosis, given its low half-life in the extracellular milieu. 

However intracellular serotonin if present can be concentrated by SERT and be used in a 

paracrine fashion by cells that possess the required machinery to do so.  

 

In the case of coronary atherosclerosis one could argue that the serotonin that is 

synthesized by HCASMCs might play an integral part in its pathogenesis. Serotonin 

induces VSMC migration, proliferation, and platelet aggregation all these processes are 

critical steps in the progression of atherosclerosis. Platelets release serotonin only when 

they encounter an atherosclerotic plaque, thus they might not play a role in the in the 

initial steps of pathogenesis of the coronary fibro fatty plaque. However, locally 

synthesized serotonin might be able to play such a role.  

 

Serotonin as a major instigator of VSMC proliferation and migration might play an 

important role in the progression of atherosclerotic plaque to a stable fibro atheroma or a 

complicated type VI atheromatous lesion that causes CAD. Serotonin can induce VSMC 

proliferation and migration, and the VSMCs deposit extra cellular matrix leading to the 

evolution of the atherosclerotic plaque into a more fibrotic and stable lesion. Serotonin 

also possesses the ability to induce platelet aggregation and endothelial dysfunction, 

which might lead to complication of the atherosclerotic lesion, such as thrombus 

formation leading to the formation of an unstable plaque. More studies are required to 
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evaluate the exact in vivo role and significance of the demonstrated serotonergic system 

within HCASMCs. 

 

Serotonin’s role in lipid peroxidation within the atheroma and its effects on the 

endothelium have to be investigated. Though there are some studies that outline the 

synergy of serotonin with lipid peroxidation products, its role in the origin of these 

products is yet to be explored. These studies may throw light upon the role of serotonin in 

the early stages of atheroma, such as the formation of foam cells.  

 

Studies have dwelt on the interaction of serotonin with inflammatory mediators such as 

TNF-α and IL-1. These mediators also play a vital role in the pathogenesis of 

atherosclerosis. However not many studies have investigated the effects of serotonin on 

the inflammatory process within the atherosclerotic plaque. Such studies may have 

clinical and translational value as many anti-inflammatory agents are being explored as 

possible therapeutic options for the treatment of atherosclerosis. 

 

SSRIs are known to interfere with peripheral serotonergic system in the platelets and the 

gut. They are known to cause bleeding and increased GI motility as side effects. Thus it is 

natural for one to explore the possibility of its effects on the various other peripheral 

serotonergic system elsewhere. In our research we would like to further explore the 

effects of SSRIs on the demonstrated local serotonergic system components in 

HCASMCs and its effects on HCASMC proliferation and migration. There is also a need 

for in-vivo studies to probe the relevance of such effects in a dynamic milieu. 
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Any evidence that demonstrates a role for SSRIs in the suppression of VSMC 

proliferation and migration may have immense translational value. It would first lead to 

more clinical research to substantiate the effects of SSRIs on CAD and other 

atherosclerotic diseases such as carotid atherosclerosis, aortic aneurysm and peripheral 

vascular disease. Its role in affecting the rate of coronary artery stent restenosis also 

warrants further scrutiny.  

 

Like SSRIs, there are numerous other pharmacological agents that affect the serotonergic 

system, such as inhibitors of TPH, 5HT receptor inhibitors, SNRIs, and tricyclics. The 

effects of these drugs on atherosclerosis also need to be explored. Some of these may not 

be amenable to the usual routes of administration; hence local delivery through coating of 

coronary stents could be considered.  

 

Various polymorphisms have been described in TPH1, SERT and other genes that encode 

proteins involved in the serotonergic system. This fact may necessitate exploring the 

effects of these polymorphisms on local serotonergic system such as the one 

demonstrated by us. The effect of the polymorphisms on VSMC migration, and 

proliferation needs to be probed; and response of the intrinsic serotonergic system to 

SSRIs also warrants investigation. 

 

In vivo studies may be required to demonstrate the exact physiological relevance of this 

system in a dynamic milieu. Hence there is a need for further research on in-vivo models 

to study the role of the HCASMCs serotonergic system and the effects of SSRIs on it. 

There is a paucity of clinical research, especially multicenter trials, which investigate the 
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effects of SSRIs the progression of coronary atherosclerosis and coronary stent re-

stenosis. These trials need to examine histopathological arterial sections to document the 

influence of SSRIs on the progression of coronary atherosclerosis. Studies using coronary 

angiogram, IVUS (intra vascular ultra sound) may also be important in studying the role 

of SSRIs in the progression of coronary pathology.  

 

Our research is only an initial step in establishing the role of serotonin and SSRIs in 

affecting coronary atherosclerosis through their direct effects on HCASMC proliferation 

and migration. Further elucidation of the proposed mechanism shall aid us in tailoring 

clinical recommendations that stress the usage of SSRIs in CAD patients and those with 

high risk of suffering from CAD. The documentation of this physiological mechanism 

may aid researchers in designing novel drugs and therapeutic modalities that would 

intervene with this mechanism and thus affect the patho-physiology of coronary 

atherosclerosis. 

 

Strengths and limitations 

  To the best of our knowledge, this is the first study to demonstrate the presence of the 

components of a serotonergic system within the HCASMCs. This study should pave the 

way for further studies to evaluate the effect of SSRIs on this system, especially its effect 

on HCASMC mitogenesis. Further in vitro studies may also be required to demonstrate 

serotonergic system within coronary atherosclerotic plaque and the effects of SSRIs on 

such as system. This study has immense translational value, as it would help in defining 

clinical recommendations, which shall include SSRI therapy in patients with coexistent 

affective disorders; and CAD, or risk factors for CAD. It might also initiate further 
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research in other therapeutic modalities that could exploit this pathophysiological 

association in treating and preventing coronary atherosclerosis. 

 

The hypothesis that initiated this research was based on clinical studies that found a link 

between SSRI therapy and CAD mortality. Our research is translational in the truest 

sense, as scientific evidence has been used bidirectionally between the two modalities of 

medical research, Viz. clinical and basic science.  

 

There are some limitations to the current study. The direct secretion of serotonin from 

HCASMC has not been demonstrated. Though we did demonstrate that 5-hydroxy 

tryptophan could be produced (figure 36), by the enzymatic activity of TPH, the 

enzymatic activity of aromatic amino acid decarboxylase was not shown. Aromatic amino 

acid decarboxylase is ubiquitously distributed in human tissue; hence the decision. We 

did not study the direct effect of the serotonergic system on HCASMC mitogenesis. This 

would have been important as HCASMC mitogenesis is an integral part of coronary 

atherosclerosis and hence CAD.
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 Conclusion 

To summarize, our research demonstrates the presence of SERT and TPH1 in 

HCASMCs. The functionality of the transporter and the enzymatic activity of TPH1, the 

rate-limiting enzyme in the synthesis of serotonin, have also been shown. Since the 

presence of 5HT receptors, MAO-A and amino acid decarboxylase in HCASMCs has 

been shown in the past[71, 82, 228, 229, 427-433], we can conclude that two important 

components of a functional serotonergic system are present within HCASMCs. This is the 

first time a local serotonergic system equipped with the machinery to synthesize and 

concentrate serotonin has been demonstrated in HCASMCs. We further propose that this 

system plays an important role in VSMC proliferation, migration and atherosclerosis
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