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Abstract
Aim: Study was to characterize by immuno-fluorescence, the expression of the serotonin reuptake transporter protein (SERT); 5-HT1B, 5-HT2A, and 5-HT2B 
serotonin receptors; as well as type 1, and type 2 tryptophan 5-hydroxylase enzymes (TPH1 and TPH2), on the left ventricular free wall and on the interventricular 
septum of normal hearts of patients who died from non-cardiovascular diseases.

Methods: Six different samples taken from the left ventricular free wall and the interventricular septum of six different normal hearts were analyzed by immune-
histochemistry by means of specific antibodies.

Results: There were found positive immune-reactive cardiomyocytes for SERT and 5-HT1B, 5-HT2A, and 5-HT2B predominantly in the interventricular septum in 
contrast to the left ventricular free wall. Likewise, immunoreactivity for TPH1 and TPH2 was mainly positive in the interventricular septum in contrast to the left 
ventricular free wall.

Conclusions: On these bases, the presence of SERT, 5-HT1B, 5-HT2A, and 5-HT2B, and both TPH1, and TPH2, suggests the possibility that cardiomyocytes could 
use, synthesize, release, and reuptake 5-HT, which suggests an intrinsic serotonergic system involved in the autocrine and paracrine modulation of human heart 
function.

*Correspondence to: Gabriel Manjarrez-Gutiérrez, Laboratory of Molecular 
Pathology, Cardiology Hospital, CMN-SXXI, IMSS, Av. Cuauhtémoc 330, Col. 
Doctores, CP 06720, México City, México, E-mail: gmanjarrezg@gmail.com

Key words: cardiomyocytes, serotonin, SERT, tryptophan-5-hydroxylase, 
serotonergic receptors

Received: August 10, 2018; Accepted: August 24, 2018; Published: August 27, 
2018

Introduction
Serotonin (5-HT) exerts its influence in neuronal and non-neuronal 

systems, leading to a variety of functions like neurotransmission, 
signal neuromodulation or even triggering mitogen activated protein-
kinase activity [1-5]. Synthesis of this molecule begins with the 
hydroxylation of L-tryptophan (L-Trp) by means of a tryptophan-
5-hydroxylase (TPH), which is a limiting enzyme [6,7]; thus, 5-HT 
production depends on the availability of L-Trp and the activity of TPH 
[8,9]. There are two different TPH isoforms: TPH1 whose expression 
predominates in peripheral tissues like pineal gland, gut, heart, thymus, 
spleen, lungs and TPH2 which is found in serotonergic neurons of the 
brain stem, taking into account that recently, it has also been found 
in the gut, pancreas and heart [10-14]. TPH1 in fact, seems to lead to 
the synthesis of 5-HT in adult as well as in the developing brain [15]. 
Meanwhile plasma 5-HT is synthesized in chromaffin cells of the gut; 
taking into account that platelets are their main place of storage [11,16-
18]. Nevertheless, 5-HT is also synthesized in the heart, pancreas, and 
adipose tissue, where it plays an important role in cell immune response 
[12,13,19].   

A group of membrane receptors are able to transduce 5-HT 
signal, whenever this modulator interacts with the receptor area. 

Up to date, serotonin receptors 5-HT1A, 5-HT2A, 5-HT3, 5-HT4, and 
5-HT7, besides being shown on the surface of cardiomyocytes and on 
the ending myocardial nerves, they are also involved in the regulation 
of cardiovascular function [20-25]. Likewise, SERT has also been 
shown in hearts during the fetal stage, probably because of the role 
5-HT plays in heart development; and also in adult cardiomyocytes 
structure, including interstitial cells of heart valves, probably 
triggering rebuilding heart structure [26-29]. 5-HT seems to play an 
important role in the physiopathology of valve dysfunction, since it 
can be triggered by the use of 5-HT2B antagonist or SERT inhibitors 
or even, during the development of a carcinoid syndrome [26,30-34]. 
Likewise, the activation of heart 5-HT2B besides triggering collagen 
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The expression of 5-HT2A and 5-HT2B can be seen in Figures 5 
& 6. Immuno-reactivity was positive in some cardiomyocytes of both 
regions: the left ventricular free wall (A), and the intraventricular 
septum (B). The expression of 5-HT2B was more important in the 
interventricular septum.

Discussion
The main objective of this research was to demonstrate the presence 

of SERT, 5-HT1B, 5-HT2A, and 5-HT2B; as well as TPH1 and TPH2 in the 
left ventricular free wall and in the interventricular septum of normal 
hearts of patients who died from non-cardiovascular diseases. Thus, 
with our results we support the idea that human cardiomyocytes own 
molecular and biochemistry mechanisms to synthesize, use, release, 
and re-uptake 5-HT, since they express not only 5-HT receptors, but 

synthesis in fibroblasts, it also may produce fibroblastic mitogenesis 
and subendocardial fibrosis [26,30]. It has also been demonstrated that 
5-HT is able to trigger a positive inotropic effect on cardiomyocytes 
of animal models with cardiac insufficiency, through the activation 
of 5-HT2A, and 5-HT4, which lead to the phosphorylation of the light 
chain of myosin [25,35]. Furthermore, during cardiogenesis a number 
of mast cells capable of releasing 5-HT appear in the heart tissue, and 
TPH starts to express itself not only during this stage, but in the adult 
heart, especially in the interstitial cells of the heart valves [36,37]. On 
these bases, we tried to demonstrate the expression of SERT, 5-HT1B, 
5-HT2A, and 5-HT2B; as well as TPH1 and TPH2 in normal human 
hearts, with the idea that 5-HT plays an important role in the autocrine 
and paracrine modulation of the cardiovascular system.

Material and methods
Six different samples of human hearts donated by the pathology 

department of the Mexican General Hospital of the Secretary of Health 
were used in this study. All of the samples of hearts were obtained 
from patients who died from non-cardiovascular diseases. Heart tissue 
was subjected to an immunohistochemically technique to identify 
the expression of SERT, 5-HT1B, 5-HT2A, and 5-HT2B; as well as TPH1 
and TPH2. Tissue was cut in slices of 5 µM and put in electro-charged 
slides. Then, it was carried an antigenic unmask by means of a 0.1 M 
citrate buffer solution, pH 6.0 (DECLERE, Biosciences), followed by the 
inhibition of endoperoxidase activity with H2O2 to 3%; after washing the 
tissue, it was blocked with gout serum to 10% and Triton X 100 to 0.01%, 
and diluted in PBS for 30 minutes. After this, slides were incubated 
with specific primary monoclonal antibodies against TPH1 (Gene Tex 
International Corp), and TPH2 (Merck-Millipore USA); and polyclonal 
antibodies against SERT (Chemicon, USA) and against 5-HT1B, 5-HT2A, 
and 5-HT2B (Santa Cruz, Biotechnology Inc, USA) at 1:500 in a 0.1 M 
PBS solution, pH 7.4, and Triton X 100 to 0.3%. After 24 hours, samples 
were washed with PBS-Tween at 0.1%, and then subjected to incubation 
with Alexa Fluor 546 anti-rabbit diluted to 1:100 [38]. Eventually, cuts 
were put on Vectashield for immuno-fluorescence, and analyzed under 
an Olympus BX51 fluorescence microscope, adapted with an Infinity 1 
Lumera digital camera with a 40X objective.

Results
Figure 1 shows heart tissue cuts from the left ventricular free 

wall (A) and from the interventricular septum (B). Positive immune-
reactive cardiomyocytes for TPH1 appeared in both regions; taking 
into account that the majority of the cardiomyocytes were not reactive, 
and that the immune-reactivity was located in their intracytoplasmic 
granules. Nevertheless, the expression of TPH1 was more important in 
the interventricular septum in contrast to the left ventricular free wall 
(Figure 1B).

Immune-reactive cardiomyocytes for TPH2 were also positive 
in both regions as it is shown in Figures 2A & 2B. TPH2 expression 
was located in the cytoplasm of cardiomyocytes, especially in 
cardiomyocytes of the interventricular septum (Figure 2B).

SERT expression also appeared in both regions, considering that 
immune-reactivity was located in the intracytoplasmic granules of 
cardiomyocytes, as it can be seen in Figures 3A & 3B.

Figure 4 shows the expression of 5-HT1B in the left ventricular free 
wall (A) and in the interventricular septum (B). Immunoreactivity was 
diffusely located in the cytoplasm of cardiomyocytes of both regions 
(Figure 4 Arrows).

Figure 1. Cross-sectional human heart microphotographs. A. Left ventricular free wall; 
B. Interventricular septum with positive immune-reactive cardiomyocytes for TPH1. 
Myocardium tissue was incubated with specific monoclonal antibodies (dilution 1:500), 
and immunereactivity was carried out with Alexa Fluor 546 anti-Rabbit (1:100). Arrows 
show cytoplasmic immunoreactivity. C. Negative control. Scale 40 X —5 µM

Figure 2. Cross-sectional human heart microphotographs. A. Left ventricular free wall; B. 
Interventricular septum showing immuno-positive cardiomyocytes for TPH2. Tissue cuts 
were incubated with specific monoclonal antibodies for the isoform (dilution 1:500), and 
Immunoreactivity was detected with Alexa Fluor 546 anti-Rabbit (1:100). Arrows show 
cytoplasmic immunoreactivity. C) Negative control. Scale 40 X —5 µM
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SERT and both isoforms of TPH. Nevertheless 5-HT receptors, SERT 
and the isoforms of TPH were found in the left ventricular free wall as 
well as in the interventricular septum, they clearly predominated in the 
former. This, could suggest for one thing, the possibility of the existence 
of different cardiomyocytes subtypes within this region, which some 
of them would be capable of expressing TPH, while others could not 
do it, and for another, that this region produces therefore, more 5-HT 
than the left ventricular free wall, which could be used to modulate 
ventricular activity, since it can lead to septum stiffness.

It was also shown the expression of SERT in cardiomyocytes of 
the left ventricular free wall and the interventricular septum of human 
hearts, as it can be seen in Figure 3. In fact, SERT, a protein involved 

in tissue and plasma 5-HT removing, has been found during the fetal 
stage in cardiomyocytes as well as in the endocardium and in the 
endothelium of lung capillaries and coronary arteries; which suggests 
the possibility that these cells own a great capacity to re-uptake blood 
stream 5-HT to be catabolized [17,18,26,28,29,31,39]. Thus, it seems 
that besides the function of the endothelium of lung and coronary 
arteries; cardiomyocytes activity also shows a 5-HT re-uptake function 
by means of SERT, regulating 5-HT influence on heart activity.

Of special interest was the expression of 5-HT1B, 5-HT2A, and 
5-HT2B in cardiomyocytes of the left ventricular free wall and in the 
interventricular septum, since it has been demonstrated in experimental 
models the involvement of 5-HT2A in the induction of myocardial 
contractility during acute heart insufficiency [25], the development 
of structural and functional myocardial abnormalities in absence of 
5-HT2B during cardiogenesis [40-43], myocardial hypertrophy with 

Figure 3. Cross-sectional human heart microphotographs. A. Left ventricular free wall. 
B. Interventricular septum showing immune-positive cardiomyocytes for SERT. Tissue 
cuts were incubated with protein-specific polyclonal antibodies (dilution 1:500), and 
immunoreactivity was detected with Alexa Fluor 546 anti-Rabbit (1:100). Arrows show 
cytoplasmic immunoreactivity conglomerates. C) Negative control. Scale 40 X, —5 µM

Figure 4. Cross-sectional human heart microphotographs. A. Left ventricular free wall. 
B. Interventricular septum showing immuno-positive cardiomyocytes for 5-HT1B. Tissue 
cuts were incubated with polyclonal specific-protein antibodies (dilution 1:500), and 
immunoreactivity was detected with Alexa Fluor 546 anti-Rabbit (1:100). Arrows show 
cytoplasmic immunoreactivity conglomerates. C. Negative control. Scale 40 X, —5 µM

Figure 5. Cross-sectional human heart microphotographs. A. Left ventricular free wall. 
B. Interventricular septum showing immuno-positive cardiomyocytes for 5-HT2A. Tissue 
cuts were incubated with polyclonal specific-protein antibodies (dilution 1:500), and 
immunoreactivity was detected with Alexa Fluor 546 anti-Rabbit (1:100). Arrows show 
cytoplasmic immunoreactivity conglomerates. C. Negative control. Scale 40 X, —5 µM

Figure 6. Cross-sectional human heart microphotographs. A. Left ventricular free wall. 
B. Interventricular septum showing immuno-positive cardiomyocytes for 5-HT2B. Tissue 
cuts were incubated with polyclonal specific-protein antibodies (dilution 1:500), and 
immunoreactivity was detected with Alexa Fluor 546 anti-Rabbit (1:100). Arrows show 
cytoplasmic immunoreactivity conglomerates. C. Negative control. Scale 40 X, —5 µM
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the over-expression of 5-HT2B [44], or the triggering of fibroblast 
proliferation by 5-HT1B in the surroundings of heart valves [45].

Overall, this study demonstrates the expression of SERT, 5-HT1B, 
5-HT2A, and 5-HT2B; as well as TPH1 and TPH2 in the left ventricular 
free wall and mainly in the interventricular septum of normal human 
hearts. Taking into account these findings, we propose the existence of 
an intrinsic serotonergic system in human hearts, never described up 
to now. As a matter of fact, there is enough evidence to support human 
cardiomyocytes as the biochemical system capable of synthesize, 
release, use and re-uptake 5-HT, giving rise to an intrinsic serotonergic 
system involved in the autocrine and paracrine modulation of human 
heart function.
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